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ABSTRACT 
d 

During the per iod  J u l y  1967-June 1968 t h e  Man-Vehicle ' 

Laboratory pursued a mul t i t ude  of research t o p i c s ,  a l l  a s s o c i a t e d  

w i t h  t h e  c e n t r a l  problem of understanding and a s s i s t i n g  man's 

o r i e n t a t i o n  i n  space.  Three p r o f e s s o r s  a f u l l - t i m e  r e sea rch  

s t a f f  m e m b e r ,  and twelve r e sea rch  a s s i s t a n t s  w e r e  supported i n  

p a r t  by NsG-577, and f i v e  graduate  s t u d e n t s  supported by 

fe l lowships  o r  t h e  m i l i t a r y  p a r t i c i p a t e d  i n  a s s o c i a t e d  p r o j e c t s .  

Two S c . D .  theses and s i x  masters theses w e r e  w r i t t e n  dur ing  t h i s  

per iod  based on work supported by t h i s  g r a n t .  T h e  research t o p i c s  

a r e  a l l  concerned w i t h  t ransmiss ion  of o r i e n t a t i o n  informat ion  t o  

a man,hismanEal  c o n t r o l  process  t h e r e a f t e r ,  and t h e  r e s u l t i n g  

manual output .  Our r e sea rch  a reas  a r e  thus c lass i f ied according 

t-5, p r e s e n t a t i o n  of informat ion  ( d i s p l a y  research) p h y s i o l o g i c a l  

sensor  modeling ( v e s t i b u l a r  system and eye movements) , manual 

c o n t r o l  modeling, and ou tpu t  mechanisms ( p o s t u r a l  and neuromuscular 

c o n t r o l ) .  The fol lowing a r e a s  have been i n v e s t i g a t e d  dur ing  t h i s  

p a s t  year :  

A. Manual c o n t r o l  modeling 
A . l .  E f f ec t s  of r o l l  mot ion  cues ( S c . D .  Thes i s )  
A.2.  Ef fec ts  of r o l l  and yaw motion cues (S.M. Thesis)  
A.3. U s e  of variable feel  c o n t r o l  s t i c k  (A.E.  T h e s i s )  
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A. 4 .  " Inve r se  opt imal"  manual c o n t r o l  problems 
A.5.  Bayesian l e a r n i n g  model f o r  skill a c q u i s i t i o n  

A . 6 .  D i g i t a l  adapt ive  c o n t r o l  (S .M. p r o j e c t )  
(S .M. Thesis)  

B. Display r e sea rch  
B. 1. 3-D d i s p l a y  development ( S  .M. Thes is )  
B.2 .  VTOL i n t e g r a t e d  d i s p l a y  (Sc.D, p r o j e c t )  
B. 3. "Anti-ver t igo" d i s p l a y  (S .M. p r o j e c t )  
B.4 .  Development of a "head p o s i t i o n  sensor"  (wi th  b 

Ins t rumenta t ion  Laboratory) 

C. Ves t ibu la r  r e sea rch  
C. 1. Unified model f o r  v e s t i b u l a r  func t ion  
C.2.  N o n l i n e a r i t i e s  i n  r o t a t i o n  sens ing  (S.M. 

C.3 .  D i rec t ion  preponderance ( b i a s )  i n  s e m i c i r c u l a r  

C . 4 .  Phys i ca l  modeling of s e m i c i r c u l a r  cana l s  ( S c . D .  

C . 5 ,  Adaptat ion and h a b i t u a t i o n  (S.M. p r o j e c t )  

Thes is )  

cana l s  

Thes is )  

D. Eye movement modeling 
D . l .  Ves t ibu la r  e f f e c t s  
D . 2 .  N e w  hybr id  model f o r  eye  t r a c k i n g  ( S . M .  Thes is )  
D.3. Eye movement i n  l e a r n i n g  t o  read ( S . M .  p r o j e c t )  

E. P o s t u r a l  and neuromuscular c o n t r o l  
E . l .  Research on balance r e f l e x  ( S c . D .  p r o j e c t )  
E.2.  Bas ic  neuromuscular modeling ( S c . D .  p r o j e c t  - 

E.3. Data p r e s e n t a t i o n  of muscular a c t i v i t y  i n  

E-4. P o s t u r a l  c o n t r o l  f o r  EVA propuls ion  system 

new) 

s k i l l e d  action 

(new) 
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I.. INTRODUCTION 

With t h e  h e l p  of e n t h u s i a s t i c  and t a l e n t e d  g radua te  

s t u d e n t s ,  t h e  Man-Vehicle Laboratory made s i g n i f i c a n t  p rogres s  

i n  f i v e  g e n e r a l  r e s e a r c h  areas r e l a t e d  t o  man's o r i e n t a t i o n  i n  

space  du r ing  t h e  academic y e a r  1967-68 .  This  r e s e a r c h  l e d  t o  

twenty-four t h e s e s  and p u b l i c a t i o n s  and c o n t r i b u t e d  t o  the 

t r a i n i n g  of n ine t een  g radua te  s t u d e n t s  i n  t h e  area of manual 

c o n t r o l .  During t h i s  y e a r  t h e  e n t i r e  l a b o r a t o r y  moved i n t o  t h e  

new Center  for Space Research a t  M . I . T .  The hybr id  computer 

f a c i l i t y  w a s  extended,  and a new s i n g l e - a x i s  v e s t i b u l a r  t e s t i n g  

c h a i r  w a s  cons t ruc t ed  and used on t h e  M.I.T. Cent r i fuge .  B r i e f  

d e s c r i p t i o n s  of t h e  i n d i v i d u a l  p r o j e c t s  are given on t h e  fo l lowing  

pages according t o  t h e  m a j o r  c l a s s i f i c a t i o n s  o u t l i n e d  i n  t h e  

a b s t r a c t ,  and i n c l u d i n g  a b s t r a c t s  of publ i shed  material  f o r  

completed p r o j e c t s .  
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11. W U A L  CONTROL MODELING 

Our p a s t  r e sea rch  on models f o r  t h e  human ope ra to r  

concent ra ted  on t h r e e  major a reas :  e f f e c t s  of motion cues ,  

l ea rn ing  and dec i s ion  making models, and models for o p e r a t o r s '  m 

nonl inear  behavior .  The l a s t  of t h e s e  t o p i c s  has  been 

temporar i ly  dropped, b u t  t h e  f irst  two d i r e c t i o n s  continued. 

W e  have a d d i t i o n a l l y  resumed re sea rch  on t h e  s t a b i l i z a t i o n  

augmentation p o s s i b l e  w i t h  a v a r i a b l e  f e e l  c o n t r o l  s t i c k ,  

begun work on t h e  " i n v e r s e  opt imal"  manual c o n t r o l  problem, 

and i n i t i a t e d  r e sea rch  on d i g i t a l  adapt ive  c o n t r o l .  

2 . 1  E f f e c t s  of Rol l  and Yaw Motion Cues 

For some y e a r s  w e  have been a t tempt ing  t o  develop a 

q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  e f f e c t s  of motion cues on t h e  

human ope ra to r  d e s c r i b i n g  func t ion ,  wi th  t h e  aim of 

extending f ixed-base d a t a  t o  p r e d i c t  man-machine c o n t r o l  

c h a r a c t e r i s t i c s  i n  f l i g h t .  An ex tens ive  series of exper i -  

ments c a r r i e d  o u t  over  t h e  p a s t  t w o  yea r s  using t h e  NE-2 

Pi tch-Roll  Simulator  y i e lded  t h e  r equ i r ed  da ta .  The bulk of 

t h e  experiments w e r e  performed by Richard S .  S h i r l e y  {now a t  

NASA-ERC) i n  h i s  d o c t o r a l  t h e s i s  ( a b s t r a c t  below) and r epor t ed  

by S h i r l e y  and Young a t  the  4 th  Annual NASA-University 

Conference on Manual Control  ( a b s t r a c t  below). T o  i s o l a t e  t h e  

motion cue e f f e c t s  i n  t e r m s  of s e m i c i r c u l a r  c a n a l  v s .  o t o l i t h  

c o n t r i b u t i o n s ,  another  series of experiments was c a r r i e d  o u t  
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comparing yaw t o  r o l l  motion and i s  summarized i n  t h e  masters 

t h e s i s  of Peter B. Dinsdale  (now a t  General  Research Corp.) 

( a b s t r a c t  below).  

L. R. Young w a s  pub l i shed  i n  October ( a b s t r a c t  below).  

An earlier summary paper  on motion cues by 

Motion Cues i n  Man-Vehicle Con t ro l  

by 
Richard S. S h i r l e y  

S c . D .  T h e s i s ,  M.I .T.  , January 1 9 6 8  

Abstract 

An i n v e s t i g a t i o n  i s  made t o  determine how t h e  human 
o p e r a t o r  makes use  of r o l l  motion cues i n  a man-vehicle c o n t r o l  
system. To t h i s  purpose t h e  human o p e r a t o r ' s  d e s c r i b i n g  
func t ion  i s  measured over  a wide range of  v e h i c l e  dynamics and 
under cond i t ions  of v i s u a l  i n p u t s  on ly ,  motion i n p u t s  o n l y ,  
and combined v i s u a l  and motion i n p u t s .  Both t h e  d e s c r i b i n g  
func t ion  (ampli tude and phase of t h e  human o p e r a t o r ' s  ou tpu t  
r e l a t i v e  t o  h i s  i n p u t )  and t h e  remnant (power s p e c t r a l  d e n s i t y  
of t h a t  p a r t  of t h e  human o p e r a t o r ' s  ou tpu t  which i s  u n c o r r e l a t e d  
w i t h  h i s  i n p u t )  are measured as a func t ion  of frequency. The 
r e l a t i v e  i n t e g r a l  squared e r r o r  i s  a lso measured. V i sua l  
i n p u t s  a r e  made by means of a d o t  moving l a t e r a l l y  on an osc i l -  
loscope ,  and r o l l  motion i n p u t s  are made by means of a motion 
s imula to r .  

An a n a l y t i c a l  method of c o r r e c t i n g  t h e  exper imenta l  
measurements f o r  e r r o r s  in t roduced  by t h e  remnant i s  developed 
and a p p l i e d  t o  t h e  d a t a .  T h e  c o r r e c t i o n s  are g e n e r a l l y  s m a l l .  

Examination of t h e  d e s c r i b i n g  f u n c t i o n  d a t a  l eads  t o  
some conclus ions  about  t h e  human o p e r a t o r ' s  u se  of angu la r  
motion cues i n  a man-vehicle c o n t r o l  system. When t h e  r o l l  
motion cues are added t o  t h e  v i s u a l  cues ,  t h e  human o p e r a t o r  
i s  a b l e  t o  i n c r e a s e  h i s  l e a d  i n  t h e  frequency range above one 
r a d i a n  p e r  second. This  permi ts  him t o  i n c r e a s e  h i s  g a i n  and 
cross-over  frequency wi thou t  dec reas ing  h i s  phase margin. 
The n e t  effect  o f  these changes i n  t h e  human o p e r a t o r ' s  c o n t r o l  
behavior  i s  t o  i n c r e a s e  t h e  open loop g a i n  wi thou t  a loss of  
s t a b i l i t y ,  and t h u s  t o  reduce t h e  r e l a t i v e  i n t e g r a l  squared 
e r r o r  f o r  t h e  c losed  loop system. 

The percentage  r educ t ion  of t h e  r e l a t i v e  i n t e g r a l  
squared error upon t h e  a d d i t i o n  of t h e  motion cues t o  t h e  
v i s u a l  cues v a r i e s  as a f u n c t i o n  of  t h e  c o n t r o l l e d  v e h i c l e  
dynamics. The human o p e r a t o r  can make t h e  m o s t  u s e  of motion 
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cues f o r  v e h i c l e  dynamics which lead t o  s i g n i f i c a n t  r o l l  
motions above one r ad ian  p e r  second. Such v e h i c l e  dynamics 
inc lude  l o w  order dynamics (l/s a s  opposed t o  l/s2) and 
dynamics wi th  an a s s o c i a t e d  high control s t i c k  ga in .  

I t  i s  p o s s i b l e ,  i n  some cases, t o  use t h e  body of 
data obta ined  f o r  t h i s  thesis t o  p r e d i c t  a c t u a l  i n - f l i g h t  
or moving-base measurements of t h e  human o p e r a t o r ' s  desc r ib ing  
func t ion  from f ixed-base measurements of t h e  human o p e r a t o r ' s  
desc r ib ing  func t ion .  

Motion Cues i n  Man-Vehicle Cont ro l  

by 
R. S .  S h i r l e y  and L. R. Young 

Presented a t  Fourth NASA-University Conference on Manual 
Cont ro l ,  March 1 9 6 8  

A b s t r a c t  

T h e  human o p e r a t o r ' s  use of r o l l  angular  motion cues 
i n  man-vehicle control is  i n v e s t i g a t e d .  Extensive d a t a  for  
t h e  human o p e r a t o r ' s  desc r ib ing  func t ion  and remnant a r e  taken 
f o r  a w i d e  range of v e h i c l e  dynamics under cond i t ions  of 
v i s u a l  cues only ,  r o l l  motion cues only ,  and s imultaneous 
v i s u a l  and r o l l  motion cues.  Addit ion of r o l l  motion cues t o  
v i s u a l  cues permi ts  the  human ope ra to r  t o  i n c r e a s e  h i s  phase 
l ead  a t  f requencies  above 2 rad /sec ,  thereby al lowing higher  
ga in  and cross-over  frequency and reduced t r a c k i n g  e r r o r .  

Re la t ive  E f f e c t s  of Rol l  and Yaw Motion 
Cues i n  Manual Cont ro l  

by 
Peter B.  D insda le  

S.M. Thesis ,  M . I . T . ,  September 1968 

Abs t r ac t  

Experiments w e r e  performed t o  determine t h e  r e l a t i v e  
c o n t r i b u t i o n s  of o t o l i t h s  and s e m i c i r c u l a r  cana ls  t o  manual 
c o n t r o l  of d i f f i c u l t  ( K / s 2 )  v e h i c l e  dynamics. Motion cues 
(yaw and r o l l )  w e r e  provided t o  s u b j e c t s  w i t h  head o r i e n t a t i o n s  



7 

c a r e f u l l y  s p e c i f i e d  such t h a t  i n  one case s e m i c i r c u l a r  
c a n a l s  on ly  w e r e  s t i m u l a t e d ,  whereas i n  t h e  second case t h e  
o t o l i t h s  as w e l l  as t h e  same s e m i c i r c u l a r  c a n a l s  w e r e  
s t imu la t ed .  
su red  and compared f o r  t h e  t w o  cases. High frequency human 
o p e r a t o r  ampli tude r a t i o  w a s  greater when bo th  o t o l i t h s  and 
s e m i c i r c u l a r  c a n a l s  w e r e  s t i m u l a t e d  than  when only s e m i -  
c i r c u l a r  c a n a l s  w e r e  s t i m u l a t e d .  

Human o p e r a t o r  d e s c r i b i n g  f u n c t i o n s  w e r e  m e a -  

*- 

Some E f f e c t s  of Motion Cues on Manual Tracking 

by 
Laurence R. Young 

J. S p a c e c r a f t  and Rockets ,  V o l .  4 ,  N o .  LO 
October 1 9 6 7 ,  pp. 1300-1303 

Abstract 

Although s u s t a i n e d  h igh  a c c e l e r a t i o n  o r  v i b r a t i o n  
can have a d e l e t e r i o u s  e f f e c t  on a p i l o t ' s  t r a c k i n g  a b i l i t y ,  
t h e r e  are some s i t u a t i o n s  i n  which motion cues ,  as f e l t  i n  
f l i g h t  o r  moving-base s i m u l a t i o n ,  y i e l d  a s i g n i f i c a n t  improve- 
ment i n  p i l o t  performance. The f i r s t  sf t h e s e  s i t u a t i o n s  i s  
i n  a c o n t r o l  t a s k  r e q u i r i n g  more lead compensation than  i s  
e a s i l y  developed from v i s u a l  d i s p l a y s .  The v e s t i b u l a r  and 
t a c t i l e  s e n s a t i o n s  c o n t r i b u t e  v e l o c i t y  and a c c e l e r a t i o n  i n f o r -  
mation which i s  used i n  s t a b i l i z a t i o n .  Experiments on c o n t r o l  
of i n v e r t e d  pendulums and vTOL's wi th  and wi thou t  motion cues 
are d i scussed .  T e s t s  of l a b y r i n t h i n e  d e f e c t i v e  p a t i e n t s  on 
s i m i l a r  t a s k s  demonstrated t h e  c r i t i c a l  importance of v e s t i -  
b u l a r  i n p u t s .  
t o  c o n t r o l l e d  element f a i l u r e s  i n  a s imula ted  b l i n d  landing  
experiment.  Other tests showed motion e f f e c t s  t o  be impor tan t  
i n  a class of f l e x i b l e  b o o s t e r  c o n t r o l  problems. 
r e s u l t s  w e r e  combined w i t h  many comparisons of fixed-base- 
moving-base f l i g h t  experiments  i n  t h e  l i t e r a t u r e  t o  a r r i v e  
a t  some g e n e r a l  conclus ions  r ega rd ing  t h e  effects of motion 
cues on t r a c k i n g .  

The second s i t u a t i o n  r e q u i r e d  r a p i d  a d a p t a t i o n  

These 

2 .2  S t o c h a s t i c  Models of Human Learning Behavior 

Several ex tens ions  have b u i l t  on t h e  ear l ier  work of 

Preyss  and Meiry on us ing  a s t o c h a s t i c  model f o r  human 

swi tch ing  behavior  w i t h  Bayesian updat ing.  

i n  h i s  masters thesis ,  demonstrated t h e  v a l i d i t y  of t h e  l e a r n i n g  

Tze-Thong Chien, 
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model when app l i ed  t o  c o n t r o l  of harmonic o s c i l l a t o r s  and un- 

s t a b l e  processes  ( a b s t r a c t  below) The o r i g i n a l  model had been 

t e s t e d  only on a double  i n t e g r a t i o n .  Meiry presented  h i s  

c u r r e n t  no t ions  f o r  modeling d e c i s i o n  making and l e a r n i n g  

behavior  i n  papers  presented  a t  t h e  1968 Manual Control  Con- 

fe rence  and a t  t h e  I n t e r n a t i o n a l  Federa t ion  of Automatic 

Control  Symposium on Technical  and B i o l o g i c a l  Problems i n  

Cybernet ics  ( a b s t r a c t s  below) . 

Human Learning Behavior i n  Manual Cont ro l  Tasks 

by 
Tze-Thong Chien 

S . M .  Thes is ,  M.I .T . ,  September 1967 

Abs t r ac t  

I n  t h i s  t h e s i s  a p p l i c a t i o n s  of a s t o c h a s t i c  model of 
human l e a r n i n g  behavior  t o  harmonic o s c i l l a t o r s  and uns t ab le  
dynamic processes  a r e  v e r i f i e d .  Experiments a r e  performed t o  
compare model l e a r n i n g  behavior  wi th  s u b j e c t  l e a r n i n g  behavior  
i n  manual c o n t r o l  t a s k s .  A modified model i n  t h e  form of a 
computer program i s  presented  i n  t h e  l i g h t  of t h e  experimental  
and a n a l y t i c a l  r e s u l t s .  

The main conclusions of t h i s  t h e s i s  a r e  t h e  following: 

1. V e r i f i c a t i o n  of t h e  theory of t h e  b a s i c  model f o r  
explana t ion  of human l ea rn ing  behavior  i n  a p p l i c a t i o n  t o  t h e  
dynamic processes  of harmonic o s c i l l a t o r s  and uns t ab le  p l a n t s .  

2. A s i n g l e  r e v i s i o n  r u l e  based on t h e  double i n t e g r a -  
t i o n  dynamic process  f o r  e s t i m a t i n g  p o s t e r i o r  p r o b a b i l i t i e s  can 
be appl ied  t o  a l l  dynamic processes  experimented. 

3 .  The r e a c t i o n  t i m e  delay between t h e  r ecep t ion  of 
a v i s u a l  s t imulus  and t h e  execut ion of a motor response has a 
s i g n i f i c a n t  e f f e c t  upon t h e  s t a t e  h i s t o r y  of t h e  high speed 
dynamic processes  being c o n t r o l l e d .  This e f f e c t  should be  
taken i n t o  account  i n  eva lua t ion  of weight ing of evidence i n  
r e so lv ing  c o n t r o l  po l i cy  unce r t a in ty .  
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4. Both s u b j e c t s  and model can l e a r n  t o  c o n t r o l  t h e  
mul t i - swi tch ing  opt imal  dynamic system i n  a sub-optimal way. 

S t o c h a s t i c  Modeling of Human Learning Behavior ,  I1 

by 
Jacob L. Meiry 

Four th  NASA-University Conference on Manual Cont ro l  
Un ive r s i ty  of Michigan, Ann Arbor, Michigan, March 1968 

Abstract 

The a p p l i c a t i o n  of a s t o c h a s t i c  model of human l e a r n i n g  
behavior  i n  manual c o n t r o l  t a s k s  i s  extended t o  t h e  performance 
of t h e  human o p e r a t o r  i n  r e g u l a t i n g  a l l  second o r d e r  dynamic pro- 
cesses. I n  p a r t i c u l a r ,  human c o n t r o l  d e c i s i o n s  f o r  op t imal  
mult i -switch and u n s t a b l e  dynamic systems are found t o  c o r r e l a t e  
w e l l  w i t h  responses  recorded by t h e  model i n  t h e  s tudy  of simu- 
l a t e d  s u b j e c t s .  The u n i v e r s a l i t y  o f  t h e  model i s  d i scussed  i n  
t h e  l i g h t  of a series of compensatory t a s k  experiments .  

S k i l l  Organiza t ion  and Human Learning Behavior 

by 
Jacob L. Meiry 

I F A C  Symposium on Technica l  and Biol-ogical 
Problems i n  Cyberne t i c s ,  Yerivan,  Armenia, September 1968 

Abs t r ac t  

A tneory  and model of m o t o r  s k i l l s  l e a r n i n g  p o s t u l a t e  
a s t a t i s t i c a l  d e c i s i o n  p rocess  f o r  t h e  human o p e r a t o r  c o n t r o l l i n g  
a dynamic system. 

The s e l e c t i o n  of response a l t e r n a t i v e s  and t h e  r e v i s i o n  
of p re fe rences  f o r  them are func t ions  of a d e c i s i o n  c e n t e r  i n  t h e  
human mind. 
t h e t i c  s ing le-channel  in format ion  system. 
informat ion  p rocess ing  system are a s e n s o r ,  which pe rce ives  t h e  
informat ion  upon which t h e  d e c i s i o n  c e n t e r  acts ,  and an e f f e c t o r ,  
which executes  t h e  response  d e c i s i o n s  made by t h e  c e n t e r .  

This  d e c i s i o n  c e n t e r  i s  one component of a hypo- 
A l s o  inc luded  i n  t h i s  
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The model of human l e a r n i n g  behavior  is  a d i g i t a l  
computer program which i s  obtained from a t r a n s l a t i o n  of t h e  
theory i n t o  machine language. 
wi th  s u b j e c t  behavior  i n  a c o n t r o l l e d  series of motor s k i l l  
experiments .  The e x t e n t  of t h e  model 's  c h a r a c t e r i z a t i o n  of 
t h e  t ime-varying random na tu re  of human l e a r n i n g  i s  brought  ou t  
by t h i s  comparison. 

Behavior of t h i s  model i s  compared 

2 . 3  U s e  of Var iab le  Feel Cont ro l  S t i c k  

One of t h e  c e n t r a l  themes of our  manual c o n t r o l  r e s e a r c h  

dur ing  t h e  p a s t  s i x  yea r s  has been t h e  u t i l i t y  of nonvisual  

feedback i n  s t a b i l i z i n g  h ighe r  o r d e r  c o n t r o l  system, i n c l u d i n g ,  

t h e  u s e  of v e s t i b u l a r  cues ,  t a c t i l e  c u e s ,  and f o r c e  feedback. 

Our ear l ies t  a t tempts  t o  determine t h e  u t i l i t y  of v a r i a b l e  

mechanical impedance c o n t r o l  s t i c k s  w e r e  h indered by inadequcies  

of t h e  a v a i l a b l e  h y d r a u l i c  c o n t r o l  systems. More r e c e n t l y  w e  

have been concen t r a t ing  on t h e  use  of a c o n t r o l  s t i c k  wi th  

a d j u s t a b l e  mechanical impedance, t o  match t h e  undes i r ab le  po le s  

of t h e  v e h i c l e  dynamics, i n  o rde r  t o  t ake  advantage of t h e  

high ga in  human o p e r a t o r  p o s t u r a l  c o n t r o l  loop, and t h e  p r i n -  

c i p l e  of cascade- rec iproca l  feedback. The c o n t r o l  s i g n a l s  t o  

be s e n t  t o  t h e  v e h i c l e  w i l l  be  a weighted sum of t h e  f o r c e  

appl ied  t o  t h e  c o n t r o l  s t i c k  (high f requencies  only)  and t h e  

average p o s i t i o n  of t h e  c o n t r o l  s t i c k .  I t  i s  a n t i c i p a t e d  t h a t  

high frequency v e h i c l e  i n s t a b i l i t i e s ,  l ead ing  t o  p i lo t - induced  

o s c i l l a t i o n s  because of v i s u a l  de lay  t i m e s ,  may be e l imina ted  

through t h e  f a s t  p o s t u r a l  c o n t r o l  loop,  w h i l e  t h e  v i s u a l  system 

and c o n t r o l  s t i c k  displacement  cont inue t o  a c t  i n  a convent iona l  

manner i n  low frequency t r ack ing .  This i n v e s t i g a t i o n  i s  i n  

p a r t  t h e  s u b j e c t  f o r  an engineers  t h e s i s  by Capt. P h i l i p  Noggle. 

The M.I.T. Ins t rumenta t ion  Laboratory and D r .  R i c h a r d  Pew of t h e  
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Unive r s i ty  of Michigan have been h l e p f u l  i n  des ign  of t h e  

v a r i a b l e  mechanical impedance s i n g l e  a x i s  s t i c k .  M r .  C. M. 

Fan and M r s .  H. L. Gal iana  of  our  l a b o r a t o r y  a l so  c o n t r i b u t e d  

t o  t h i s  p r o j e c t .  

2.4 Optimizat ion in Manual Con t ro l  
w 

Two p r o j e c t s  i n  t h e  area of op t imiza t ion  have begun 

i n  our  l a b o r a t o r y  t h i s  yea r .  

by Major A l b e r t  E .  Preyss  i n  t h e  summer of  1 9 6 7 ,  w a s  an out-  

The f i r s t  of  t h e s e ,  c a r r i e d  o u t  

growth of a s p e c i f i c  a p p l i c a t i o n  of  h i s  d o c t o r a l  t h e s i s  on 

human o p e r a t o r  l e a r n i n g  behavior .  H e  t r e a t e d  t h e  p r a c t i c a l  

problems a s s o c i a t e d  w i t h  a e r i a l  combat w i t h  an impor tan t  example, 

i n  which p i l o t s  l e a r n  sub-optimal programs. 

t i o n s  i n  t h i s  f i e l d  are summarized i n  t h e  a b s t r a c t  from Major 

P reyss '  r e s e a r c h  summary given below. Following h i s  r e t u r n  t o  

t h e  U . S .  A i r  Force Academy, Major Preyss  and Major Richard 

Willes f u r t h e r  developed t h e  concept  of op t imiza t ion  app l i ed  

t o  aer ia l  combat, w i th  s p e c i f i c  r e s u l t s  which have been demon- 

s t ra ted.  

The e a r l y  explora-  

Summary of Research E f f o r t s ,  June-July 1 9 6 7  

by 
A l b e r t  E .  P reyss  

Memorandum t o  P r o f e s s o r s  L i ,  Young, and Meiry 

Abstract 

Research has been d i r e c t e d  toward t h e  development 
of t ac t ics  and s t r a t e g i e s  f o r  use by p i l o t s  of  f i g h t i n g  elements  
i n  a t t a i n i n g  v i c t o r y  over  t h e i r  opponents. S p e c i f i c a l l y ,  t h i s  
r e sea rch  has  i n v e s t i g a t e d  t h e  p o t e n t i a l  of j o i n t l y  applying 
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opt imal  c o n t r o l  theory  and h e u r i s t i c  programming t o  t h e  problem 
of achiev ing  one-on-one s u p e r i o r i t y  i n  f i g h t e r  b a t t l e s .  
problem c l e a r l y  f a l l s  i n t o  t h e  domain of  manned-vehicle c o n t r o l  
problems, and i t s  s o l u t i o n  w i l l  g r e a t l y  f a c i l i t a t e  t h e  t r a i n i n g  
of f i g h t e r  p i l o t s  and t h e  s p e c i f i c a t i o n  of  f i g h t e r  a i r c r a f t  
des igns  e 

This  

The problem o f ' a c h i e v i n g  one-on-one s u p e r i o r i t y  
d i v i d e s  i n t o  t w o  p a r t s .  F i r s t ,  t h e r e  i s  t h e  q u e s t i o n  of f i n d i n g  
t h e  opt imal  c o n t r o l  p o l i c y  t o  a t t a i n  some i n t e r m e d i a t e  o b j e c t i v e  
a t  minimum cost. For example, du r ing  an aer ia l  engagement 
a p i l o t  t y p i c a l l y  encounters  such t a s k s  as changing heading i n  
minimum t i m e ,  minimizing forward p rogres s  and changing s ta te  
wi th  minimum loss of energy. 
t a s k s ,  t h e  p i l o t  must maneuver h i s  a i r c r a f t  us ing  t h e  c o n t r o l s  
a v a i l a b l e  t o  him, namely p i t c h ,  bank, and power. Thus it i s  
necessary t o  f i n d ,  by apply ing  opt imal  c o n t r o l  t heo ry ,  t h e  ele- 
v a t o r ,  a i l e r o n  and t h r o t t l e  programs which w i l l  minimize s o m e  
c o s t  f u n c t i o n a l .  A composite c o n t r o l  program t o  a t t a i n  an 
in t e rmed ia t e  o b j e c t i v e  may be called a t ac t i c .  

r e q u i r e s  t h e  a b i l i t y  t o  d e f i n e  meaningful cost  f u n c t i o n a l s ,  t h e  
second p a r t  of t h e  problem may be  engaged. 
q u e s t i o n  of  which t ac t i c  t o  select i n  response t o  an a d v e r s a r y ' s  
o f f e n s i v e  o r  de fens ive  move. For  example, i f  a p i l o t  i s  be ing  
t racked  and f i r e d  upon by an a t t a c k i n g  a i r c r a f t ,  h i s  immediate 
in t e rmed ia t e  g o a l  i s  t o  d i s r u p t  t h e  a t t a c k  and g e t  o u t  of t h e  
l i n e  of f i r e .  S e v e r a l  t ac t ics  may be s u i t a b l e  f o r  this purpose ,  
b u t  n o t  a l l  of them may be accep tab le  i n  t e r m s  of h i s  p o s t u r e  
a t  t h e  completion of  t h e  maneuver. I n  o t h e r  words, t h e  t a c t i c  
selected must form p a r t  of an o v e r a l l  s t r a t e g y  aimed a t  
u l t i m a t e l y  r e v e r s i n g  h i s  r o l e  of defender .  Such s t r a t e g i e s  
may be i d e n t i f i e d  by s imula t ing  a i r  b a t t l e s  and c o n s t r u c t i n g  
a h e u r i s t i c  program which l e a r n s ,  a f t e r  a number of  t r i a l s ,  t h e  
b e s t  t ac t ica l  response t o  an enemy o v e r t u r e .  

T o  accomplish t h e s e  and o t h e r  

Once these t ac t i c s  have been determined,  and t h i s  

This p a r t  i s  t h e  

Work has  begun t o  d e f i n e  some oE t h e  fundamental 
o b j e c t i v e s  i n  a i r  combat maneuvering and t o  i n i t i a t e  computer 
programs f o r  determining t h e  a s s o c i a t e d  opt imal  c o n t r o l  
p o l i c i e s .  

2 . 5  I n v e r s e  Optimal Cont ro l  Problem 

The o t h e r  op t imiza t ion  problem involved a view of t h e  

p i l o t  as a quasi-optimum c o n t r o l l e r .  A r e c u r r i n g  and b a s i c  

q u e s t i o n  i n  manual c o n t r o l  i s  n o t  merely "what i s  t h e  human 

o p e r a t o r ' s  c o n t r o l  l a w ? "  b u t  "why i s  a p a r t i c u l a r  human o p e r a t o r  

c o n t r o l  l a w  chosen?" A wide v a r i e t y  of e m p i r i c a l  r u l e s  have been 
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used; f o r  example: minimizat ion of mean squa re  error,  main- 

t a i n i n g  a g iven  phase margin,  placement of  t h e  cross-over  

frequency o r  open loop dynamics i n  t h e  cross-over  r eg ion ,  

adjustment  of low frequency g a i n ,  etc. I t  would be  u s e f u l  t o  

know t h e  c r i t e r i o n  o r  s e t  of c r i t e r i a  used i n  determining 

human o p e r a t o r  c o n t r o l  l a w s ,  bo th  f o r  unders tanding  of t h e  basic 

manual c o n t r o l  p rocess ,  and f o r  p o s s i b l e  a p p l i c a t i o n  t o  adap t ive  

and l e a r n i n g  c o n t r o l  system. This  l eads  t o  t h e  fo l lowing  

q u e s t i o n :  g iven  t h a t  a c o n t r o l  l a w  i s  opt imal  f o r  a g iven  

p l a n t ,  and s u b j e c t  t o  c o n t r o l l e r  c o n s t r a i n t ,  what i s  t h e  per- 

formance c r i t e r i o n ?  This  i s  c a l l e d  t h e  i n v e r s e  opt imal  c o n t r o l  

problem, and i s  of  i n t e r e s t  i n  t h e  g e n e r a l  f i e l d  of automatic  

c o n t r o l  as w e l l  as manual c o n t r o l .  One of  ou r  d o c t o r a l  can- 

d ida tes ,  M r .  P i t u  Xirchandani ,  has  begun s tudy  of t h e  i n v e r s e  

opt imal  c o n t r o l  problem i n  manual systems.  H e  has  assumed t h e  

fo l lowing  r e s t r i c t i o n s  t o  bound t h e  class o f  problems: t h e  

system i s  completely c o n t r o l l a b l e ,  completely observable ,  

and a s sympto t i ca l ly  s t a b l e .  A l l  s t a t e  v a r i a b l e s  are d i r e c t l y  

measurable,  and t h e  human o p e r a t o r  i s  f u l l y  l ea rned  ( i . e . ,  no 

a d a p t a t i o n  du r ing  a r u n ) .  I n  theo ry ,  t h e  Hamilton-Jacobi 

equa t ions  a p p l i e d  t o  a g iven  c o n t r o l l e r  and p l a n t  permi t  

s o l u t i o n s  f o r  performance func t ions  of t h e  s t a t e  and of t h e  

c o n t r o l  v a r i a b l e s .  A l i m i t a t i o n  i n  t h e  a n a l y s i s  a t tempted by 

Obermayer and Muckler has  been no ted ,  and f i v e  s p e c i a l  cases 

i n v e s t i g a t e d  t h u s  f a r .  

2 . 6  Adaptive Cont ro l  

Our con t inu ing  i n t e r e s t  i n  automatic  and manual 

systems led t o  t w o  developments i n  t h i s  p e r i o d  which are r e l e v a n t  
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t o  t h e  des ign  of p r a c t i c a l  au tomat ic  adap t ive  systems.  

f i r s t  of  t h e s e ,  pub l i shed  as t h e  masters t h e s i s  of Syozo Yasui 

( a b s t r a c t  be low) ,  fol lowed our  e a r l i e r  r e s e a r c h  on t h e  u t i l i t y  

of a moving swi t ch ing  locus  i n  t h e  phase p l ane  t o  guide  t h e  

human o p e r a t o r  i n t o  “ c h a t t e r  mode” sub-optimal c o n t r o l .  Yr. 

Yasui ‘ s  c u r r e n t  employer (Tokyo Shibaura  E lec t r i c  C o .  ) and 

V . I . T .  are expec t ing  t o  apply f o r  Japanese p a t e n t  r i g h t s  t o  

t h e  concept developed i n  t h i s  t h e s i s .  

The 

The U s e  of t h e  C h a t t e r  :/lode i n  Self-Adapt ive Systems 

by 
Syozo Yasui 

S . M .  Thes i s ,  M . I . T . ,  September 1 9 6 7  

Abstract 

I n  an on-off r e l a y  c o n t r o l  system under t h e  c h a t t e r  
m o d e ,  t h e  average motion of t h e  p l a n t  i s  completely determined 
by t h e  equat ion  of t h e  swi t ch ing  func t ion .  This  f a c t  has  been 
app l i ed  i n  s e l f - a d a p t i v e  c o n t r o l  systems i n  which t h e  swi t ch ing  
func t ion  d e s c r i b e s  t h e  model dynamics, and t h e  c h a t t e r  mode i s  
reached. The proposed p o l i c y  of forward g a i n  ( swi tch ing  l e v e l )  
adjustment  t akes  i n t o  account  t h e  r educ t ion  of c h a t t e r  f r e -  
quency and of t h e  c o n t r o l  f o r c e  magnitude, i n  a d d i t i o n  t o  t h e  
sus tenance  of t h e  c h a t t e r  mode. A s imple t w o  dimensional  
d i s p l a y  i s  used f o r  manual ope ra t ion  and/or monitor ing.  

Seve ra l  examples are p resen ted  t o  demonstrate  t h e  
analog computer s imula t ion .  
performance o f  t h e  g a i n  adjustment  mechanism. 

The r e s u l t s  show s a t i s f a c t o r y  

Known s e l f - a d a p t i v e  c o n t r o l  systems are o u t l i n e d  w i t h  
emphasis on those  us ing  a r e l a y  as a key element,  and extended 
a p p l i c a t i o n  t o  a class of d i s t r i b u t e d  parameter c o n t r o l  systems 
i s  considered.  A s  a byproduct of  t h i s  s t u d y ,  a numerical  
method wi thou t  numerical  i n t e g r a t i o n s  i s  proposed f o r  t h e  
s o l u t i o n  of o rd ina ry  d i f f e r e n t i a l  equa t ions .  
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The o t h e r  major e f f o r t  i n  a d a p t i v e  c o n t r o l  systems 

i n  our  l a b o r a t o r y  involved  making p r a c t i c a l  u se  of t h e  d i g i t a l  

computer i n  a d i g i t a l  adap t ive  system. Mr. Char les  Oman and 

L t .  Llewelyn Dougherty, working under t h e  d i r e c t i o n  of P ro f .  

L i ,  have been us ing  t h e  hybr id  computer t o  exp lo re  t h e  advan- 

t a g e s  of d i g i t a l  compensation, working i n  t h e  t i m e  domain f o r  

adap t ive  c o n t r o l  systems.  Some of t h e  r e s u l t s  t o  d a t a  are 

summarized i n  t h e  paper  by P r o f .  L i  ( a b s t r a c t  below) . 

D i g i t a l  C o n t r o l l e r  f o r  Feedback and Adaptive Cont ro l  Systems 

by 
Y a o  Tzu L i  

unpubl ished 

Abs t r ac t  

Design procedure of d i g i t a l i z e d  c o n t r o l l e r  f o r  
feedback system v i a  2-transform method i s  summarized. A new 
s e c t i o n a l i z e d  d i g i t a l  c o n t r o l l e r  i s  in t roduced  f o r  the  pur- 
pose of s i m p l i f y i n g  t h e  l o g i c  e lements  needed. This  type  of 
c o n t r o l l e r  a l s o  appears  t o  be m o r e  compat ible  f o r  u se  i n  
s e l f - a d a p t i v e  c o n t r o l  t han  convent iona l  t y p e s .  

The b a s i c  scheme f o r  i d e n t i f y i n g  t h e  parameter devia-  
t i o n  f o r  adap t ive  c o n t r o l  u s ing  informat ion  p rocess ing  concepts  
i s  in t roduced .  The crosstalk between t h e  va r ious  parameter 
d e v i a t i o n  i d e n t i f y i n g  channels  i s  s t u d i e d .  Seve ra l  s i m p l i f i e d  
c o n f i g u r a t i o n s  of a d a p t i v e  c o n t r o l  systems w i t h  open-loop model, 
c losed-loop model and multi-model scheme are in t roduced .  F i l t e r s  
f o r  adap t ive  c o n t r o l  t o  minimize n o i s e  d i s t u r b i n g  t o  t h e  p l a n t  
are considered.  
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111. DISPLAY RESEARCH 

3.1 3-D Display Development 

W e  have cont inued a t  a reduced l e v e l  of e f f o r t  t h e  

r e s e a r c h  and development begun l a s t  y e a r  on r e a l i s t i c  d i s p l a y  

of depth  cues on a s i n g l e  cathode ray  tube .  Advances i n  t h e  

program f o r  d i s p l a y i n g  t h e  image of a cube on a CRT as though 

it w e r e  be ing  seen  through a window i n c l u d e  t h e  fol lowing:  

1. hidden l i n e  b lanking  

2 .  b r i g h t n e s s  v s .  l i n e  l e n g t h  c o n t r o l  

3. b r i g h t n e s s  vs  . depth  v a r i a t i o n  

4. d o t t i n g  of t h e  "runway l ines ' '  on t h e  t o p  of  t h e  

cube. 

I n  a d d i t i o n ,  t h e  a b i l i t y  t o  t r a c k  l a t e ra l  head p o s i t i o n  i n  a 

s i n g l e  a x i s  was p u t  i n t o  t h e  system w i t h  t h e  a s s i s t a n c e  of a 

device  designed and cons t ruc t ed  by t h e  M.I .T .  I n s t rumen ta t ion  

Laboratory (P .  Bowditch, H .  Seward, and G. Davidson).  The 3-D 

d i s p l a y  cont inues  t o  g i v e  encouraging p re l imina ry  r e s u l t s  and 

w e  are proceeding t o  s imula t ion  of a m o r e  complex f i e l d  us ing  

t h e  ADAGE Graphics Terminal,  be ing  acqui red  by M . I . T . ' s  

E l e c t r o n i c  Systems Laboratory.  Char les  Oman, Uoel Van Hout te ,  

and Robert  Vircks have been c h i e f l y  r e s p o n s i b l e  f o r  t h e  advances 

i n  t h e  3-D d i s p l a y  system dur ing  t h i s  yea r .  

program i s  summarized i n  t h e  masters t h e s i s  of Robert  14. Vircks 

( a b s t r a c t  below) which e v a l u a t e s  t h e  e f f e c t i v e n e s s  of head 

movement and i n t e n s i t y  modulation on depth pe rcep t ion .  

The c u r r e n t  3-D 



17 

I n v e s t i g a t i o n  of  Head Xovement and I n t e n s i t y  as Depth 
Cues i n  a P e r s p e c t i v e  Contac t  Analog Display 

by 
Robert  Marvin Vircks 

S.M. T h e s i s ,  M.I.T., September 1 9 6 8  

Abstract 
w 

To determine t h e  depth  cue va lue  of  head movement 
p e r s p e c t i v e ,  and image i n t e n s i t y  as a f u n c t i o n  of dep th ,  an 
exper imenta l  i n v e s t i g a t i o n  w a s  conducted. 

A c o n t a c t  ana log  3-D d i s p l a y  system w a s  programmed 
on a hybr id  computer. A l i n e  drawing of a s i n g l e  cube f i x e d  
i n  space  w a s  d i sp l ayed  on a CRT s c r e e n  as i f  t h e  s c r e e n  w e r e  
a window. This  w a s  accomplished by us ing  t h e  equa t ions  of l i n e a r  
p e r s p e c t i v e  f o r  a monocular obse rve r  whose head p o s i t i o n  is  
v a r i a b l e  w i t h  r e s p e c t  t o  t h e  s c r e e n .  Motions of t h e  v e h i c l e ,  
con ta in ing  t h e  obse rve r  and s c r e e n ,  w e r e  s imula ted  us ing  t h e  
s i x  v e l o c i t i e s  i n  body f i x e d  axes.  

An experiment  w a s  conducted t o  determine t h e  ampli- 
tude  of a s i n u s o i d a l  v o l t a g e  app l i ed  t o  t h e  CRT i n t e n s i t y  g r i d  
a s  a f u n c t i o n  of l i n e  l e n g t h ,  so  t h a t  l i n e s  drawn i n  c o n s t a n t  
t i m e  i n t e r v a l s  would have an apparent  b r i g h t n e s s  independent 
of l i n e  l eng th .  

Depth d i s c r i m i n a t i o n  experiments w e r e  conducted 
us ing  t h e  p e r s p e c t i v e  d i s p l a y  wi th  combinations of head move- 
ment and cube i n t e n s i t y  a s  a func t ion  of depth.  The cube w a s  
d i sp l ayed  as i f  it w e r e  a t  one of a set  of discrete depths  and 
t h e  s u b j e c t  asked t o  i d e n t i f y  t h a t  depth .  The r e s u l t i n g  
s t imulus-response matrices w e r e  analyzed t o  determine t h e  
informat ion  t r ansmiss ion .  I t  was found t h a t  head movement 
g ives  a 40 p e r c e n t  improvement i n  depth d i s c r i m i n a t i o n  when 
t h e  cube i s  between 50 and 100 c m  from t h e  s u b j e c t .  Head 
movement i s  f o u r  t i m e s  more h e l p f u l  when t h e  cube i s  between 
50 and 1 0 0  c m  f r o m  t h e  s u b j e c t  t han  when t h e  cube is  between 
150 and 300  c m .  
improvement as head movement. 

I n t e n s i t y  v a r i a t i o n  r e s u l t e d  i n  h a l f  as mdch 

, 
S e v e r a l  a l t e r n a t i v e  techniques  f o r  3-D d i s p l a y  genera- 

t i o n ,  i n c l u d i n g  holography, have been explored .  A number of 

experiments w e r e  performed t o  t e s t  t h e  e f f e c t i v e n e s s  of t h e  

" k i n e t i c  depth  e f f e c t "  as descr ibed i n  t h e  fo l lowing  r e s e a r c h  

summary by C.  Oman: 
J 
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Summary of Research A c t i v i t y ,  September 1 9 6 7  t o  June 1968 

by 
Char les  M. Oman 

An i n v e s t i g a t i o n  begun i n  J u l y  1 9 6 7 ,  looking  i n t o  t h e  
p o s s i b i l i t y  of u s ing  t h e  depth  e f f e c t  c r e a t e d  by t h e  motion of 
a t w o  dimensional  f i g u r e  on a s c r e e n  w a s  cont inued.  The 
i l l u s i o n ,  first documented by Wallach and O'Connell ,  w a s  
c r e a t e d  by modifying t h e  Man-Vehicle Laboratory 3-D d i s p l a y  
290  T hybr id  computer program t o  show a l t e r n a t e l y  views of a 
cube i n  t w o  d i f f e r e n t  p o s i t i o n s .  The "apparent  motion" t h u s  
produced c r e a t e d  t h e  movement necessary  f o r  obse rva t ion  of t h e  
" k i n e t i c  dep th  e f f e c t "  i n  t h e  cube. R e p e t i t i o n  rate,  image 
b r i g h t n e s s ,  apparent  movement, and on and o f f  t i m e s  w e r e  
v a r i e d  f o r  p re l imina ry  experiments .  A s  expec ted ,  it w a s  found 
t h a t  a t  a r e p e t i t i o n  rate of approximately 3 cps ,  m o s t  
observers  " impleted" t h e  t w o  d i f f e r e n t  views seen  i n  t h e  
p r e s e n t a t i o n  and "saw"  a moving cube as a t h r e e  dimensional  
o b j e c t  r a t h e r  t han  a t w o  dimensional  f i g u r e  whose f o r m  w a s  
changing. 

Y 

Crea t ing  cont inuous s m a l l  apparent  movements of t h e  
cube d i d  n o t ,  however, r e s o l v e  t h e  b a s i c  p e r c e p t u a l  ambiguity 
a s s o c i a t e d  wi th  t h e  s p a t i a l  r e l a t i o n s h i p s  of  t h e  " f r o n t "  and 
t h e  "rear" l i n e s  of t h e  cube, and s u b j e c t s  cont inued t o  r e p o r t  
Necker Cube r e v e r s a l s  which plagued ear l ier  ve r s ions  of  t h e  
3-D d i s p l a y .  

The s m a l l  o s c i l l a t o r y  motions of t h e  cube w e r e  
judged t o  be of only margina l  v a l u e ,  as r e v e r s a l  of t h e  per-  
ce ived  f i g u r e  w a s  n o t  prevented.  Also, as t h e  d i s p l a y  w a s  con- 
ce ived  p r i m a r i l y  f o r  v e h i c l e  a p p l i c a t i o n s ,  cube motions are 
t h e  r u l e  r a t h e r  t han  t h e  excep t ion ,  and s o  t h e  k i n e t i c  depth  
e f f e c t  i s  u s u a l l y  p r e s e n t  t o  some degree i n  t h e  o r d i n a r y  3-D 
d i s p l a y  system format .  S m a l l  a d d i t i o n a l  a r t i f i c i a l  o s c i l l a -  
t i o n s  o f  t h e  f i g u r e  induced t o  a i d  t h e  c r e a t i o n  of  t h e  k i n e t i c  
depth e f f e c t  are a l so  d i s t r a c t i n g ,  p a r t i c u l a r l y  s i n c e  t h e  
d i s p l a y  i s  in tended  t o  p o r t r a y  t h e  o u t s i d e  world w i t h  s o m e  
degree of  v e r i s i m i l i t u d e .  

A t  t h e  sugges t ion  of  D r .  Pau l  A Kolers ,  t h e  3-D 
d i s p l a y  program w a s  f u r t h e r  modif ied t o  i n v e s t i g a t e  t h e  p o s s i -  
b i l i t y  of c r e a t i n g  a monocular s t e r e o s c o p i c  image by us ing  t h e  
Schoen e f f e c t .  I t  has  been suggested t h a t  t h e r e  i s  a d e f i n i t e  
r e l a t i o n s h i p  between depth  v a l u e s ,  r e t i n a l  i n p u t ,  image a r r i v a l  
t i m e  a t  t h e  v i s u a l  c o r t e x ,  and t h e  c r e a t i o n  of s t e r e o p s i s .  I t  
was suggested t h a t  if l e f t  and r i g h t  eye  views of a c a r e f u l l y  
cons t ruc t ed  scene  are shown a l t e r n a t e l y ,  i n  proper  stereo- 
s c o p i c  cross r e g i s t r a t i o n  on a s c r e e n ,  an observer should  pe r -  
ce ive  a mot ionless  o b j e c t  i n  t h r e e  dimensional  space .  By 
c a r e f u l l y  c o n t r o l l i n g  t h e  r e p e t i t i o n  ra te  (about  3 cps )  and 
vary ing  t h e  o f f  t i m e s ,  t h e  d i s p l a y  a l l e g e d l y  can be m a d e  t o  
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o p e r a t e  a t  one of t h e  basic psycho log ica l  r e f r a c t o r y  pe r iods  
a s s o c i a t e d  w i t h  t h e  v i s u a l  system. 

I n i t i a l  a t t empt s  t o  observe t h e  e f f e c t  w i t h  t h e  3-D 
CRT d i s p l a y  w e r e  n o t  encouraging. I t  w a s  f e l t  t h a t  t h e  CRT 
phosphor p e r s i s t e n c e  might b e  a t  f a u l t ,  so  l a n t e r n  s l i d e  
p r o j e c t o r s  w e r e  used t o  f l a s h ,  a l t e r n a t e l y ,  l e f t  and r i g h t  
eye photographs of va r ious  s imple  geometr ic  o b j e c t s  (cone or 
cube) seen  a g a i n s t  a dark  background. The r e p e t i t i o n  rate and 
t h e  on and o f f  t i m e s  w e r e  c o n t r o l l e d  p r e c i s e l y .  The o b s e r v e r ' s  
p o s i t i o n  w a s  v a r i e d  s y s t e m a t i c a l l y  so  t h a t  t h e  o b j e c t s  
p r o j e c t e d  on t h e  s c r e e n  subtended va r ious  angles  on t h e  
r e t i n a .  Ten s u b j e c t s  r e p o r t e d  e s s e n t i a l l y  t h e  same r e s u l t s ,  
wi th  one or both  eyes :  I f  t h e  r e p e t i t i o n  rate w a s  slow, t h e  
l e f t  and r i g h t  eye  views w e r e  s een  a l t e r n a t e l y .  Above fou r  
cps ,  a l l  s u b j e c t s  s a w  t h e  o b j e c t  i n  apparent  o s c i l l a t o r y  
motion, and t h e  k i n e t i c  depth  e f f e c t  w a s  observed. I n  i n t e r -  
mediate frequency ranges ,  w i t h  o f f  t i m e s  which seemed t o  vary 
from obse rve r  t o  obse rve r ,  t h e  o b j e c t  could no longe r  a c t u a l l y  
be seen  moving. Genera l ly  obse rve r s  w e r e  aware t h a t  two views 
w e r e  be ing  shown, b u t  i f  asked where t h e  o b j e c t  w a s  l o c a t e d  
on t h e  s c r e e n  would r e p o r t  t h a t  i t s  p o s i t i o n  w a s  somewhat 
vague, b u t  located somewhere between t h e  s c r e e n  p o s i t i o n s  of 
t h e  l e f t  and r i g h t  eye  views. Apparently t h e  observers  
r ece ived  informat ion  from both  t h e  l e f t  and r i g h t  eye  views, 
f o r  they  g e n e r a l l y  perce ived  some t h r e e  d imens iona l i ty  i n  t h e  
g e o n e t r i c  o b j e c t s  on t h e  sc reen .  However, no t w o  people  
r epor t ed  e x a c t l y  t h e  same pe rcep t ion .  I f  t h e  obse rve r  a t t empt s  
t o  do more than  j u s t  f i x a t e  b l ank ly  i n  t h e  area of t h e  o b j e c t  
on t h e  s c r e e n  by looking  a t  one p a r t i c u l a r  p a r t  of t h e  object ,  
f o r  example, t h e  i l l u s i o n  i s  des t royed  and a new i l l u s i o n  of 
o b j e c t l e s s  pure movement r e p l a c e s  it. 

G. H .  Engel,  i n  a r e c e n t  paper ,  a l so  suppor t s  t h e  
conclus ion  t h a t  s t e r e o p s i s  cannot  be induced us ing  t h i s  
procedure.  I n  a cons iderably  more s o p h i s t i c a t e d  experiment ,  
Engel p re sen ted  s u b j e c t s  w i th  p a i r s  of a l t e r n a t e l y  f l a s h e d  
random p a t t e r n s ,  genera ted  by a computer i n  a manner s i m i l a r  
t o  t h a t  used by J u l e s z  i n  n i s  experiments f o r  b inocu la r  
s t e r e o p s i s .  Extens ive  t e s t i n g  by Engel f a i l e d  t o  show any 
evidence of a monocular s t e r e o s c o p i c  e f f e c t .  This  approach t o  
3-D d i s p l a y  gene ra t ion  i s  no longe r  bej-ng pursued.  

F i n a l l y ,  as a p p l i c a t i o n s  of ou r  3-D d i s p l a y  r e s e a r c h ,  

t h e  e n t i r e  area of i n t e g r a t e d  d i s p l a y s  f o r  VTOL f l i g h t  i s  be ing  

i n v e s t i g a t e d  and forms t h e  h e a r t  of t h e  d o c t o r a l  t h e s i s  r e s e a r c h  
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program of Noel Van Houtte.  I n  p r e p a r a t i o n  f o r  t h e  VTOL 

r e sea rch ,  t h e  a n a l y s i s  of t h e  equat ions  of motion of t h e  V/STOL 

a i r c r a f t  i n  a l t i t u d e  and range has  been completed on our  hybr id  

computer. I t  is  be ing  used f o r  s t u d i e s  of optimum f l i g h t  

pa ths  us ing  minimum f u e l  by P ro f .  Walter  H o l l i s t e r  and one of 

h i s  s t u d e n t s ,  a s  w e l l  a s  by M r .  Van Houtte .  

3 . 2  A n t i v e r t i g o  Display 

The goa l  of our r e sea rch  on o r i e n t a t i o n  and d i s -  

o r i e n t a t i o n  i s  no t  merely t o  understand t h e  mechanism, b u t  

hopeful ly  t o  a r r i v e  a t  ways of combatting t h e  d e l e t e r i o u s  

e f f e c t s  of d i s o r i e n t a t i o n .  The 3-D d i s p l a y  descr ibed  above 

i s  one approach. Another uses our  models of t h e  v e s t i b u l a r  

system t o  d e r i v e  a "pseudo-stable"  p e r i p h e r a l  d i s p l a y  which 

might reduce t h e  onse t  of v e r t i g o .  Some of our work i n  t h i s  

regard i s  ci ted i n  t h e  research  summary of Charles  Oman 

(see below),  and w i l l  form p a r t  of t h e  work f o r  h i s  masters 

t h e s i s .  

Summary of Research A c t i v i t y ,  September 1 9 6 7  t o  June 1 9 6 8  

by 
Charles  M.  Oman 

Anti-Vert igo Display System 

Man-Vehicle Laboratory e f f o r t s  t o  develop v a l i d  
mathematical  models f o r  t h e  semicircular cana l s  and o t o l i t h s  
using t h e  techniques of c o n t r o l  theory w e r e  reviewed wi th  a 
view toward d e f i n i n g  and a t tempt ing  t o  determine t h e  e t i o l o g y  
of v e r t i g o  and a p o s s i b l e  explana t ion  for  t h e  apparent ly  r e l a t e d  
motion s i ckness  syndrome. 
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I t  became apparent  t h a t  v e r t i g o  w a s  a l o o s e l y  de f ined  

Most s t u d i e s  have been aimed a t  determining 
t e r m  a p p l i e d  ( o f t e n  i n d i s c r i m i n a t e l y )  t o  many types  of per-  
c e p t u a l  i l l u s i o n s .  
t h e  e x a c t  s t a t i s t i c a l  r e l a t i o n s h i p  between p e r c e p t u a l  
d i s o r i e n t a t i o n  and o t h e r  f o r m s  of  motion induced malaise and 
a i r c r a f t  a c c i d e n t s .  E t i o l o g i c a l  theory  i s  i n  a r e l a t i v e l y  
embryonic s t a g e ,  due t o  t h e  complicated psycho log ica l  f a c t o r s  
involved.  Many c o n f l i c t i n g  t h e o r i e s  have been advanced. 

One i s  l e d  t o  t h e  conclus ion ,  however, t h a t  t h e  one 
b a s i c  c i rcumstance associated w i t h  m o s t  cases of v e r t i g o  
occurs  when, because of t h e  i n t e r a c t i o n  of v e h i c l e  motions wi th  
a man's motion senhors  and t h e  n a t u r e  of h i s  v i s u a l  f i e l d ,  
a c o n f l i c t  arises when a man a t t empt s  subconsciously t o  con- 
t i n u e  t h e  p rocess ,  normally unimpeded, of e s t a b l i s h i n g  a 
concept ion of h i s  dynamic o r i e n t a t i o n  i n  space .  

I t  has  been sugges ted  by Fogel and o t h e r s  t h a t  t h e  
occurrence of d i s o r i e n t a t i o n  r e s u l t i n g  from c o n f l i c t i n g  sensory  
m o d a l i t i e s  might be  a l l e v i a t e d  by a system which showed a 
v e r t i g i n o u s  s u b j e c t  a d i s p l a y  of t h e  o u t s i d e  world o r i e n t e d  
wi th  r e s p e c t  t o  him so t h a t  it would ag ree  w i t h  h i s  s u b j e c t i v e  
p r e d i c i t o n  of t h e  o r i e n t a t i o n  of t h e  o u t s i d e  w o r l d  based only  
on h i s  nonvisua l  m o d a l i t i e s .  I n  e s sence ,  t h e  c o n f l i c t  between 
t h e  v i s u a l  and t h e  v e s t i b u l a r  i n p u t ,  presumably t h e  major 
source  of modal i ty  c o n f l i c t  i n  m o s t  s i t u a t i o n s ,  would thereby  
by r e so lved .  

Man-Vehicle Laboratory r e s e a r c h  i n  r e c e n t  y e a r s  towards 
t h e  development of v i a b l e  c o n t r o l  theory  models f o r  t h e  human 
v e s t i b u l a r  s enso r s  and a c o n t r o l  theory  approach towards t h e  
problem of modeling t h e  method which t h e  human CNS uses  t o  
o rgan ize  t h e  motion sens ing  i n p u t s  sugges t s  t h a t  i n i t i a l  s t e p s  
could be taken  t o  c o n s t r u c t  a p ro to type  a n t i - v e r t i g o  d i s p l a y .  
Cons t ruc t ion  of such a d i s p l a y  o f f e r s  an unusual  oppor tun i ty  
t o  tes t  t h e  re levance  of t h e  c o n f l i c t i n g  sensory  modal i ty  
approach t o  t h e  e t i o l o g y  of v e r t i g o  and i s  a p r a c t i c a l  a p p l i -  
c a t i o n  f o r  t h e  mathematical  v e s t i b u l a r  models themselves ,  which 
h e r e t o f o r e  have been p r i m a r i l y  t h e  o b j e c t s  of r e sea rch .  

The b a s i c  concept  of an a n t i - v e r t i g o  d i s p l a y  system 
i s  q u i t e  simple.  Based on t h e  motions of t h e  v e h i c l e ,  sensed 
i n  t h e  frame of r e f e r e n c e  of t h e  o b s e r v e r ' s  head, t h e  models 
of t h e  v a r i o u s  sensory  m o d a l i t i e s  ( i n c l u d i n g  a model of human 
v i s c e r a l  s e n s a t i o n ,  perhaps)  p r e d i c t  t h e  i n p u t s  t o  a man's 
c e n t r a l  nervous system. These are modeled i n  t h e  d i s p l a y  system 
by a h e u r i s t i c  program which determines a man's concept  of h i s  
s p a t i a l  o r i e n t a t i o n  based on non-visual  m o d a l i t i e s ,  and d i s p l a y s  
e i t h e r  p e r i p h e r a l l y  or f o v e a l l y  h i s  s u b j e c t i v e  o r i e n t a t i o n  
i n  a v i s u a l l y  compelling f a sh ion .  

Work has begun on t h e  p r e p a r a t i o n  of a p ro to type  
d i s p l a y  i n  which only  t h e  h o r i z o n t a l  a x i s  is  s t i m u l a t e d  i n  a 
very  s imple  f a sh ion .  These i n i t i a l  tests should y i e l d  meaningful 
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r e s u l t s  concerning t h e  v a l i d i t y  of t h e  whole concept ,  d e s p i t e  
t h e  s i m p l i c i t y  of t h e  model. 

I n i t i a l l y  w e  hope t o  d e a l  wi th  " d i z z i n e s s , "  t h e  
s imples t  formfof  v e r t i g o ,  which r e s u l t s  from l i n g e r i n g  s e n s a t i o n  
of r o t a t i o n  a f t e r  a c e s s a t i o n  of angular  v e l o c i t y .  
t h e  Man-Vehicle Laboratory r o t a t i n g  c h a i r  cons t ruc t ed  l a s t  
yea r  by Katz and Steer alld r e q u i r e  t h e  s u b j e c t  t o  perform com- 
pensatory t r a c k i n g  on a n  u n r e l a t e d  v i s u a l  t a s k .  
e f f e c t i v e n e s s  could b e  r e l a t e d  d i r e c t l y  t o  mean squared e r r o r  
of t h e  primary t a s k ,  r a t h e r  than  t o  some o t h e r  measurements 
of t h e  onse t  of v e r t i g o ,  e .g .  ga lvan ic  s k i n  p o t e n t i a l  or  o n s e t  
of sweating. 

W e  w i l l  u se  

Display 

I n i t i a l  tests w i l l  e v a l u a t e  t h e  d i s p l a y  concept  f o r  
s i n g l e  a x i s  d i z z i n e s s ,  and i f  t h e s e  prove encouraging,  a case  
of " C o r i o l i s "  s t imulus  w i l l  be  considered by al lowing a head 
r o t a t i o n  and combining t h e  outputs  of cana l  models ope ra t ing  
on or thogonal  axes.  I t  i s  expected,  however, t h a t  t h e  choice  
of t h e  most e f f e c t i v e  d i s p l a y  format  may r e q u i r e  cons iderable  
experimental  work. 

3.3 Development of a "Head-Position Sensor" 

Both of t h e  d i s p l a y  programs descr ibed  above r e q u i r e  

a means of monitor ing t h e  obse rve r ' s  head p o s i t i o n  wi thout  

encumbering h i s  movement. U l t r a son ic  and o p t i c a l  sensors w e r e  

both considered.  

The s i n g l e  a x i s  pro to type  head p o s i t i o n  monitor ing 

system used is  a photo-opt ica l  device  b u i l t  by the M.I.T. 

Ins t rumenta t ion  Laboratory t o  our  s p e c i f i c a t i o n s .  T h e  system 

c o n s i s t s  of a l i g h t  source mounted on a head band worn by t h e  

s u b j e c t .  A l e n s  and two s i l i c o n  pho toce l l s  w e r e  mounted 8 4  

inches  above t h e  l i g h t  and masked so  t h a t  t h e  l i g h t  source 

t h r e w  a r ec t angu la r  pa tch  of l i g h t  onto t h e  two p h o t o c e l l s .  

T rans l a t ion  of t h e  head changed t h e  r e l a t i v e  i l l u m i n a t i o n  on 

t h e  two p h o t o c e l l s ,  y i e l d i n g  an output  vo l t age  p ropor t iona l  t o  

l i g h t  p o s i t i o n ,  which was s u i t a b l e  f o r  process ing  by t h e  analog 
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computer and A-D conversion i n  ou r  3-D d i s p l a y  system. 

monitor w a s  t e s t e d  over  a range of +lo c m  head p o s i t i o n  w i t h  

accuracy of 4 .5% of f u l l  scale. 

conta ined  i n  an appendix of R o b e r t  Vi rcks '  masters t h e s i s .  

The 

D e t a i l s  of t h e  o p e r a t i o n  are 
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I V .  I VESTIBULAR RESEARCH 

4 . 1  Unif ied Model f o r  Ves t ibu la r  Funct ion 

A primary goa l  i n  our  r e sea rch  has  been t h e  develop- 

ment of p r a c t i c a l  mathematical  models fo r  t h e  func t ion ing  of 

t h e  v e s t i b u l a r  system, r e l a t i n g  l i n e a r  and angular  acce le ra -  

t i o n  of t h e  head t o  percept ion  of o r i e n t a t i o n  i n  space.  

s e v e r a l  y e a r s ,  t h e s e  e f f o r t s  have been d i r e c t e d  towards a n a l y s i s  

of t h e  o t o l i t h s ,  t o  develop models comparable t o  those  e x t a n t  

f o r  t h e  s e m i c i r c u l a r  cana l s .  

completed, w e  a r e  now concen t r a t ing  on u n i f i e d  models of t h e  

e n t i r e  v e s t i b u l a r  system and some important  non l inea r  e f f e c t s  

i n  both t h e  s e m i c i r c u l a r  cana l s  and o t o l i t h s .  W e  have been 

p a r t i c u l a r l y  concerned r e c e n t l y  wi th  modeling t h e  adap ta t ion  

and h a b i t u a t i o n  phenomena, whereby s u b j e c t s  Show reduced 

s e n s i t i v i t y  t o  long d u r a t i o n  s t i m u l i  o r  repea ted  f a m i l i a r  

p a t t e r n s  of motion. The p r a c t i c a l  a p p l i c a t i o n s  of t h i s  l a t t e r  

approach are obvious,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  " v e s t i b u l a r  

t r a i n i n g , "  f o r  f l y i n g  or f o r  l i v i n g  i n  unusual  environments ,  

such as  i n  a r o t a t i n g  s p a c e c r a f t  o r  under reduced g r a v i t y .  

For 

This phase having been v i r t u a l l y  

An i n v i t e d  paper  syn thes i z ing  our c u r r e n t  models of 

t h e  e n t i r e  v e s t i b u l a r  s y s t e m  was presented  a t  t h e  Edsel  B .  Ford 

I n s t i t u t e  f o r  Medical Research I n t e r n a t i o n a l  Symposium on Bio- 

cybe rne t i c s  of t h e  C e n t r a l  Nervous System, Washington, D.C. ,  

February 1968 ( L i t t l e  Brown Co., i n  p r e s s ,  a b s t r a c t  below).  
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An eng inee r ing  o r i e n t e d  paper  s t r e s s i n g  t h e  b i o n i c s  a p p l i c a t i o n s  

i s  be ing  given a t  t h e  AGARD Bionics  Symposium, B r u s s e l s ,  

September 1968, and e x c e r p t s  of  t h e  paper  r e p r e s e n t i n g  t h e  

b i o l o g i c a l  c o n t r o l  a n a l y s i s  problems are be ing  p resen ted  a t  

t h e  I n t e r n a t i o n a l  Fede ra t ion  of  Automatic Cont ro l  Symposium on 

Technica l  and B i o l o g i c a l  Problems i n  Cyberne t ics ,  Yerivan, 

U.S.S.R., September 1968. 

On Biocyberne t ics  of t h e  V e s t i b u l a r  System 

by 
Laurence R. Young 

Edse l  B. Ford I n s t i t u t e  f o r  Medical Research 
I n t e r n a t i o n a l  Symposium on Biocyberne t ics  of  t h e  C e n t r a l  

Nervous System, Washington, D.C. ,  February 1968 

Abstract 

The human v e s t i b u l a r  system f o r  dynamic space  
o r i e n t a t i o n  i s  desc r ibed  mathemat ica l ly ,  u s ing  t h e  i d e n t i f i c a t i o n  
methods of c o n t r o l  theory .  A b i o c y b e r n e t i c  model i s  u s e f u l  i n  
p r e d i c t i n g  man's perce ived  o r i e n t a t i o n  i n  space ,  p o s t u r a l  
r e a c t i o n s ,  nystagmus eye  movements, and p i l o t i n g  a c t i o n s  based 
on motion cues.  The s e m i c i r c u l a r  c a n a l s ,  which ac t  as angular  
v e l o c i t y  s e n s o r s ,  have been s u b j e c t e d  t o  a f l u i d  dynamics 
a n a l y s i s .  The l i m i t a t i o n s  of  t h e  t o r s i o n  pendulum model are 
examined, and a q u a n t i t a t i v e  d e s c r i p t i o n  of a d a p t a t i o n  i s  
proposed. An o t o l i t h  model, responding t o  l i n e a r  a c c e l e r a t i o n  
f o r c e s ,  i s  p resen ted  and shown t o  agree  wi th  pe rcep t ion  of tilt 
and t r a n s l a t i o n ,  eye  c o u n t e r r o l l i n g ,  and e l e c t r o p h y s i o l o g i c a l  
d a t a .  Cross-coupling e f f e c t s  are d i scussed ,  i i ic luding t h e  
i n f l u e n c e  of l i n e a r  a c c e l e r a t i o n  on t h e  s e m i c i r c u l a r  c a n a l s .  

4 .2  Revised Dynamic O t o l i t h  Model 

Our l i n e a r  model of t h e  o t o l i t h  system w a s  r e v i s e d  

las t  y e a r  t o  account  f o r  a s t e a d y - s t a t e  perce ived  tilt i n  
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response t o  s t eady  o f f s e t  from t h e  ver t icaz,  and t o  agree w i t h  

e l e c t r o p h y s i o l o g i c a l  data .  The paper ,  f i rs t  p resen ted  a t  t h e  

Thi rd  Symposium on t h e  R o l e  of t h e  V e s t i b u l a r  Organs i n  Space 

Exp lo ra t ion ,  Pensacola ,  F l o r i d a ,  1967, w a s  r e v i s e d  and publ i shed  

i n  Aerospace Medicine, June 1968  ( a b s t r a c t  below). 

The revised o t o l i t h  model remains u n t e s t e d  a t  fre- 

quencies  below O.l'rad/sec, and experiments  are c u r r e n t l y  

be ing  planned t o  exp lo re  t h i s  r e g i o n ,  u s ing  o t o l i t h  s t i m u l a t i o n  

v i a  sub- threshold  r o t a t i o n s  about  a h o r i z o n t a l  a x i s .  

A Revised Dynamic O t o l i t h  Model 

by 
L. R.  Young and J. L. Meiry 

Aerospace Medicine, Vol. 39, No. 6 ,  June 1968 

Abstract 

The a p p l i c a t i o n  of c o n t r o l  theory  t o  a n a l y s i s  of 
v e s t i b u l a r  func t ion  has  y i e l d e d  mathematical  models of t h e  s e m i -  
c i r c u l a r  c a n a l s  and, more r e c e n t l y ,  t h e  o t o l i t h s .  A proposed 
dynamic o t o l i t h  model i s  based on " input -output"  experiments  
i n c l u d i n g  dynamic c o u n t e r r o l l i n g ,  s u b j e c t i v e  pe rcep t ion  of 
v e l o c i t y  du r ing  s i n u s o i d a l  l i n e a r  o s c i l l a t i o n ,  and t h r e s h o l d  t o  
c o n s t a n t  a c c e l e r a t i o n .  This  model i s  c o n s i s t e n t  w i th  electro- 
phys io log ica l  d a t a  and i n c l u d e s  a low frequency l a g  t e r m  t o  
permi t  a s t e a d y  o u t p u t  t o  s u s t a i n e d  tilt o r  a c c e l e r a t i o n .  

4.3 N o n l i n e a r i t i e s  i n  Rota t ion  Sens ina  
~ 

One of  t h e  techniques a v a i l a b l e  f o r  exp lo r ing  hab i tua -  

t i o n  and a d a p t a t i o n  involves  t h e  s e p a r a t i o n  of two pa ths  i n  

h i g h e r  mental  p rocess ing  of v e s t i b u l a r  d a t a :  t h e  s u b j e c t i v e  

s e n s a t i o n  o f  r o t a t i o n  r e p o r t e d  by t h e  s u b j e c t ,  and nystagmoid 
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eye movements o b j e c t i v e l y  recorded.  Some p re l imina ry  d a t a  on 

the  d i f f e r e n c e  between s u b j e c t i v e  and o b j e c t i v e  phase lag f o r  

s i n u s o i d a l  r o t a t i o n s  sugges ted  a p o s s i b l e  h y s t e r e s i s  component 

i n  s e m i c i r c u l a r  c a n a l  f u n c t i o n .  Considerable  e f f o r t  i s  be ing  

d i r e c t e d  toward de te rmina t ion  of  t h e  form of t h e  t h r e s h o l d  and 

. s a t u r a t i o n  n o n l i n e a r i t i e s .  Our f i r s t  i n v e s t i g a t i o n s  i n  t h i s  

a r e a  r e q u i r e d  t h e ' c o n s t r u c t i o n  o f  a new s i n g l e - a x i s  yaw rota- 

t i o n  c h a i r  and t h e  s i n u s o i d a l  r o t a t i o n  of s u b j e c t s  on it. 

This  work is  r e p o r t e d  i n  t h e  masters t h e s i s  of Gerald B.  Katz. 

( a b s t r a c t  below).  

Pe rcep t ion  of Rota t ion  - Nystagmus 
and S u b j e c t i v e  Response a t  Low Frequency S t imula t ion  

by 
Gera ld  B.  Katz 

S . M .  T h e s i s ,  M . I . T . ,  September 1 9 6 7  

Abstract 

A r o t a t i n g  c h a i r  w a s  b u i l t  t o  submit s u b j e c t s  t o  
s i n u s o i d a l  angu la r  a c c e l e r a t i o n s  a t  va r ious  combinations of 
f r equenc ie s  (.01 cps t o  .i cps )  and peak angular  a c c e l e r a t i o n  
l e v e l s  ( 1 0 ° / s e c 2  t o  45O/sec2), f o r  t h e  purpose of s tudying  t h e  
human s u b j e c t i v e  and objective response t o  r o t a t i o n  a t  low 
f r equenc ie s .  Each of f o u r  s u b j e c t s  w a s  s e a t e d  i n  t h e  completely 
dark c h a i r  w i th  t h e  a x i s  of r o t a t i o n  pass ing  through h i s  head. 

H i s  s u b j e c t i v e  response  w a s  measured by means of a 
d i r ec t iona .1  swi tch ;  h i s  o b j e c t i v e  nystagmus eye movement 
response w a s  s imul taneous ly  measured and recorded.  A s tudy  o f  
t h e  r e s u l t a n t  phase d i f f e r e n c e s  between both  s u b j e c t i v e  and 
o b j e c t i v e  pe rcep t ions  of angu la r  v e l o c i t y  and a c t u a l  angu la r  
v e l o c i t y  l eads  t o  t h e  fo l lowing  conclus ions  : 

1. The phase lead of bo th  o b j e c t i v e  and s u b j e c t i v e  
response e x h i b i t e d  no s imple f u n c t i o n a l  depen- 
dence upon ampli tude of a c c e l e r a t i o n .  

2 .  The amount of phase l ead  i n  both  cases is  
i n v e r s e l y  p r o p o r t i o n a l  t o  s t imu lus  frequency.  
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3 .  

4. 

5. 

The o b j e c t i v e  phase l ead  i s  l a r g e r  a t  any 
s t imulus  cond i t ion  than t h e  corresponding sub-  
j e c t i v e  phase lead. 

I n t e r s u b j e c t  response d i f f e r e n c e s  w e r e  very 
e v i d e n t ,  i r r e g u l a r ,  and r e l a t i v e l y  g r e a t .  

The d a t a  presented  agrees  i n  a g ross  manner 
w i t h  the  d a t a  of Hixon and Niven. 

4 . 4  D i r e c t i o n a l  Preponderance ( B i a s )  i n  Semic i rcu lar  

Canals 

I n  some pre l iminary  experiments  w e  have observed a 

tendency f o r  any one s u b j e c t  t o  have a p r e f e r r e d  d i r e c t i o n  of 

r o t a t i o n ,  o r  b i a s ,  which dominates t h e  low frequency d r i f t  

c h a r a c t e r i s t i c s  of h i s  nonvisual  r o t a t i o n  percept ion .  Experi-  

ments are be ing  carried o u t  t o  q u a n t i f y  t h i s  phenomenon, t o  

d i f f e r e n t i a t e  between b i a s  and other types  of d i s t u r b a n c e s ,  and 

t o  explore  p o s s i b i l i t i e s  f o r  us ing  t h i s  information t o  combat 

d i s o r i e n t a t i o n .  

4 . 5  Phys ica l  Modeling of Semic i rcu lar  Canals 

A very important  ad junc t  t o  our "black box" modeling 

of t h e  s e m i c i r c u l a r  cana l s  has been an i n t e n s i v e  s tudy  of 

t h e i r  b iophys ica l  c h a r a c t e r i s t i c s .  I t  has e n t a i l e d  measurement 

of t h e  phys ica l  p r o p e r t i e s  of both  endolymph and perilymph, 

c a l o r i c  t e s t i n g ,  and a n a l y s i s  of t h e  f l u i d  dynamics of l i q u i d -  

f i l l e d  f l e x i b l e  tubes. T h i s  work was p r imar i ly  supported by 

Grant NGR 22-009-156 and r epor t ed  i n  the  d o c t o r a l  thesis of 

Robert W. Steer, Jr. ( a b s t r a c t  below) . 
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The I n f l u e n c e  of Angular and Linear  Acce le ra t ion  and 
Thermal S t i m u l a t i o n  on t h e  Human Semic i r cu la r  Canals 

by 
Robert  W. Steer, Jr. 

S c . D .  T h e s i s ,  M.I .T. ,  August 1 9 6 7  

Abstract 

The hydrodynamic p r o p e r t i e s  of t h e  human s e m i c i r c u l a r  
c a n a l  system w e r e  s t u d i e d  t o  determine i t s  dynamic c h a r a c t e r -  
ist ics and t h e i r  r e l a t i o n s h i p  t o  observed s u b j e c t i v e  and 
o b j e c t i v e  v e s t i b u l a r  responses  t o  v a r i o u s  motion i n p u t s .  Four 
t o p i c s  of p a r t i c u l a r  importance i n  c u r r e n t  v e s t i b u l a r  r e s e a r c h  
w e r e  examined i n  d e t a i l .  

The d e n s i t y ,  c o e f f i c i e n t  of expansion,  and v i s c o s i t y  
of t h e  l a b y r i n t h i n e  f l u i d s ,  endolymph and perilymph, have been 
measured t o  provide  p r e c i s e  va lues  f o r  t h e  c o e f f i c i e n t s  of t h e  
dynamic models. A microviscometer w a s  des igned ,  b u i l t ,  C a l i -  
b r a t e d ,  and used t o  measure t h e  v i s c o s i t y  of 1-2 micro l i t re  
samples of endolymph and perilymph. Density measurements w e r e  
made v i a  p r e c i s i o n  ba lance  scales and a c c u r a t e  volume measure- 
ments and c o e f f i c i e n t s  of expansion w e r e  made by microscopic  
measurements of t h e  volume of t h e  f l u i d s  a t  s e v e r a l  t empera tures .  

The s e m i c i r c u l a r  c a n a l  i s  modeled as a r i g i d  t o r u s  
of  f l u i d ,  w i t h  t h e  cupula  a c t i n g  as an e l a s t i c  and v iscous  
r e s t r a i n t .  A system t r a n s f e r  func t ion  i s  eva lua ted  f o r  cupula  
displacement  as a f u n c t i o n  of angu la r  a c c e l e r a t i o n .  I t  i s  
shown t h a t  t h e  c u p u l a ' s  e f f e c t i v e  i n e r t i a  and v iscous  d r a g  on 
t h e  w a l l  of t h e  membranous l a b y r i n t h  i n f l u e n c e  t h e  dynamic 
performance of t h e  system b u t  do n o t  r e s o l v e  t h e  d i s p a r i t y  
between previous  c a l c u l a t i o n s  of damping, which only cons idered  
hydrodynamic d rag  of endolymph i n  t h e  c a n a l i c u l a r  d u c t ,  and 
expe r imen ta l ly  measured damping c o e f f i c i e n t s .  

Ca lo r i c  s t i m u l a t i o n  of t h e  v e s t i b u l a r  appara tus  i s  
examined, and a model i s  proposed, based on t h e  publ i shed  
measured t i m e  h i s t o r y  of  t h e  temperature  g r a d i e n t  a c r o s s  t h e  
l a t e ra l  c a n a l  when t h e  e x t e r n a l  a u d i t o r y  meatus i s  i r r i g a t e d  
w i t h  w a t e r  above or  below body temperature .  The presence  of 
a thermal  g r a d i e n t  across t h e  l a t e ra l  c a n a l  i s  shown t o  produce 
t h e  p h y s i o l o g i c a l  e q u i v a l e n t  of  an angu la r  a c c e l e r a t i o n  because 
o f  t h e  to rque  which acts on t h e  endolymph as a r e s u l t  of i t s  
thermal  c o e f f i c i e n t  of  expansion. Calor ic  experiments w e r e  
performed which a t tes t  t o  t h e  v a l i d i t y  of t h e  model. 

The i n f l u e n c e  of  l i n e a r  a c c e l e r a t i o n  on t h e  s e m i -  
c i r c u l a r  c a n a l s  w a s  i n v e s t i g a t e d .  Human o b j e c t i v e  and s u b j e c t i v e  
responses  t o  r o t a t i o n  about  a h o r i z o n t a l  a x i s ,  t o  c o u t e r - r o t a t i o n ,  
and t o  s t i m u l a t i o n  by a r o t a t i n g  a c c e l e r a t i o n  v e c t o r  w e r e  
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examined. The observed responses  of long d u r a t i o n  nystagmus 
and cont inuous s e n s a t i o n  of r o t a t i o n  are no t  i n  conformity w i t h  
c l a s s i c a l  models of t h e  v e s t i b u l a r  system and t h e r e  has  devel-  
oped a s i z a b l e  body of experimental  evidence which a t t r i b u t e s  
a s i g n i f i c a n t  p o r t i o n  of t h e s e  unusual  responses  t o  t h e  s e m i -  
c i r c u l a r  cana l s .  I t  i s  shown, through the d i s t e n s i b i l i t y  of 
t h e  c a n a l i c u l a r  d u c t  under t h e  i n f l u e n c e  of l i n e a r  a c c e l e r a t i o n ,  
t h a t  t h e  observed b i a s  component of nystagmus can be a t t r i b u t e d  
t o  a f i rs t  order n o n l i n e a r i t y  of t h e  s e m i c i r c u l a r  cana l  
dynamics. Experiments w e r e  performed on a c e n t r i f u g e  equipped 
w i t h  a r o t a t i n g  c h a i r  t o  show t h e  r e l a t i o n s h i p  between the 
magnitude of t h e  a c c e l e r a t i o n  f i e l d ,  t h e  r o t a t i o n  rate of t h e  
s u b j e c t ,  and the  s’low phase v e l o c i t y  of v e s t i b u l a r  nystagmus. 
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V. EYE MOVEMENT RESEARCH 

B 5.1 Advances i n  Modeling t h e  Eye Movement System 

A number.of improvements and mod i f i ca t ions  i n  t h e  

sampled d a t a  model f o r  eye t r a c k i n g  movements have been 

inc luded  i n  a r e v i s e d  hybr id  model based on exper imenta l  r e s u l t s  

i n  our  l abora to ry  and elsewhere.  This  hybr id  model cons ide r s  

t h e  s t o c h a s t i c  n a t u r e  of t h i s  system (and c h a r a c t e r i s t i c  of 

any b i o l o g i c a l  system) and shows how t h e  observed classes of  

eye movement responses  t o  a g iven  i n p u t  s t imu lus  can be pre-  

d i c t e d  on t h e  b a s i s  of random d i s t r i b u t i o n s  of synchroniza t ion  

between t h e  t iming  of a sampler 2nd t h e  occurrence of a t a r g e t  

t r a n s i e n t  i n p u t .  Work i s  con t inu ing  on t h e  f i n e  s t r u c t u r e  of  

t h i s  model and on t h e  de t e rmina t ion  of t h e  numerical  va lues  

of s p e c i f i c  de l ays .  

by Young, Forster and Van Houtte a t  t h e  1968 NASA-University 

Conference on Manual Cont ro l  ( a b s t r a c t  below).  

The model w a s  f i r s t  p re sen ted  i n  a paper  

A Revised S t o c h a s t i c  Sampled D a t a  Model f o r  
Eye Tracking Movements 

by 
L.  R.  Young, J .  D.  F o r s t e r ,  and N .  Van Houtte  

Presented  a t  Fourth NASA-University Conference on Manual 
Con t ro l ,  Xarch 1968 

Abstract 
Our sampled d a t a  model i s  r e v i s e d  by changing t h e  

p u r s u i t  system t o  be cont inuous and p r o p o r t i o n a l  t o  t a r g e t  rate.  
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Trans ien t  responses  of t h e  model are shown t o  agree  i n  d e t a i l  
wi th  observed classes of eye movements. Target-synchronized 
and non-synchronized sampler c o n t r o l  l o g i c  are compared. 
d i c t e d  l a t ency  d i s t r i b u t i o n s  of a non-synchronized sampler 
wi th  unknown in te rsample  t i m e  d i s t r i b u t i o n  are analyzed,  and 
saccade synchronized i n p u t  experiments  a r e  compared wi th  pre-  
d i c t e d  mean model responses .  The r e s u l t s  show p r o p e r t i e s  of 
both types of sampler c,ontrol l o g i c .  The assets, l i m i t a t i o n s ,  
and ex tens ions  of the  model a r e  d iscussed .  The sampled d a t a  
model proves t o  be a u s e f u l  t o o l  f o r  p r e d i c t i n g  eye response 
based on t a r g e t  movement only.  

P r e -  

I n  a d d i t i o n  t o  t h e  model determining eye  movements on t h e  b a s i s  

of t r a c k i n g  a s i n g l e  unpredic tab le  t a r g e t ,  w e  have a l s o  been 

concerned wi th  t h e  v a r i e t y  of o t h e r  s t i m u l i  which go i n t o  

determining d i r e c t i o n  of gaze and dynamic v i s u a l  a c u i t y .  

of t h e s e  o t h e r  f a c t o r s  are: v e s t i b u l a r  i n p u t s  (both  s e m i c i r c u l a r  

cana l  and o t o l i t h ) ,  c a l o r i c  s t i m u l a t i o n ,  c o u n t e r r o l l i n g ,  and 

voluntary d i r e c t i o n  of gaze.  

Some 

5.2 Eye Movement Recording 

L. R. Young w a s  i n v i t e d  t o  c o n t r i b u t e  a chap te r  on 

t h i s  t o p i c  t o  t h e  forthcoming M c G r a w - H i l l  book e n t i t l e d  Medical 

E l e c t r o n i c s  and Engineer ing.  

given below. 

The a b s t r a c t  of t h i s  chap te r  i s  

"Recording Eye Pos i t i on"  

by 
Laurence R. Young 

For Yedical  E l e c t r o n i c s  and Engineer ing,  M c G r a w - H i l l  
( i n  p r e s s )  

Abs t rac t  

of gaze a s  an i n d i c a t i o n  of v i s u a l  information process ing ,  a s  
Long s t and ing  i n t e r e s t  i n  measurement of t h e  d i r e c t i o n  
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w e l l  as t h e  c l i n i c a l  importance a s s o c i a t e d  w i t h  eye movements, 
has  r e s u l t e d  i n  t h e  development of a wide v a r i e t y  o f  measure- 
ment techniques .  I n  r e c e n t  y e a r s  p e r f e c t i o n  of  s e v e r a l  
e l e c t r o n i c  measurement methods has  e l imina ted  t h e  t ed ious  and 
o f t e n  i n a c c u r a t e  e s t i m a t i o n s  of t h e  o l d e r  methods and has  made 
t h e s e  v i s u a l  performance measures a v a i l a b l e  t o  a g r e a t  number 
of i n v e s t i g a t o r s .  This  chap te r  reviews t h e  in s t rumen ta t ion  
problems and s o l u t i o n s  for measuring eye  movements. 

5 .3  Eye Movements i n  Learning t o  Read 

A s  an outgrowth of a course  p r o j e c t ,  Anthony Van 

Hover has  begun an exper imenta l  and a n a l y t i c a l  approach t o  

modeling t h e  l e a r n i n g  of reading .  By t r e a t i n g  t h e  reading  

problem as a class of t h e  g e n e r a l  problem invo lv ing  i n t e r p r e t a -  

t i o n  of symbolic i n fo rma t ion ,  w e  hope t o  be  a b l e  t o  g e n e r a l i z e  

on t h e  manner i n  which men proceed from t a k i n g  i n  a f e w  bits 

of informat ion  a t  a gaze t o  t a k i n g  i n  "words" o r  "phrases ."  

T h i s  i s  be ing  accomplished by us ing  D r .  Ko le r s '  t echniques  of 

l e a r n i n g  t o  read Engl i sh  t e x t  w i th  i n v e r t e d  le t ters .  M r .  

Van Hover i s  r eco rd ing  eye p o s i t i o n  i n  r ead ing  tasks over  a 

pe r iod  of months, showing how the  number of f i x a t i o n s  p e r  l i n e ,  

number of r e g r e s s i o n s ,  and d u r a t i o n  of f i x a t i o n s  changes as 

s u b j e c t s  are a b l e  t o  t a k e  i n  l a r g e r  q u a n t i t i e s  of in format ion  

p e r  f i x a t i o n .  
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V I .  POSTURAL AND NEUROMUSCULAR CONTROL 

W i t h  i n c r e a s i n g  amounts of q u a n t i t a t i v e  phys io log ica l  

d a t a  on neuromuscular c o n t r o l  becoming a v a i l a b l e ,  a " r a t i o n a l  

parameter" approach t o  understanding t h e  "neuromuscular l ag"  \ 

component of the  human ope ra to r  desc r ib ing  func t ion  appears 

reasonable .  Some i n t e r e s  t i n s  new neuromuscular models have 

been r epor t ed ,  and two p r o j e c t s  are be ing  c a r r i e d  o u t  i n  our  

l abora to ry .  One of these i s  a new a t tempt  t o  create a 

neuromuscular model based on "component models" f o r  t r i p l e  

muscle inne rva t ion  (two gammas and one a l p h a ) ,  d u a l  a f f e r e n t s  

(stretch and s t re tch rate) , Golgi tendon organs,  j o i n t  r e c e p t o r s ,  

and Renshaw cells. 

t o  t h e  problem of ana lyz ing  t h e  alpha and gamma s t i m u l a t i o n  

loops.  The o t h e r  p r o j e c t  i s  an input -output  approach t o  t h e  

problem of man's neuromuscular ou tpu t ,  using p o s t u r a l  c o n t r o l  

John A l l u m  p l ans  t o  apply c o n t r o l  theory  

as an example. The fol lowing summary i s  f r o m  the  Ph.D. t h e s i s  

proposal  of L e w i s  Nashner. 

Ph.D. Thesis  Proposal  

by 
L e w i s  Nashner 

The g o a l  of  t h i s  t h e s i s  i s  t o  model the f l o w  and 
i n t e r a c t i o n  of sensory information necessary f o r  t h e  maintenance 
of pos tu re  i n  man. 
t r o l  d i r e c t l y  from physiology would be d i f f i c u l t  f o r  s e v e r a l  
reasons:  

The formula t ion  of a model of pos tu re  con- 
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1. A complete d e s c r i p t i o n  of t h e  n e u r a l  c i r c u i t r y  
involved  i n  p o s t u r e  c o n t r o l  i s  n o t  known. 

2 .  Experimental  obse rva t ion  of t h e  many information 
channels  i n  man is  n o t  p r a c t i c a l .  

I n s t e a d  of be ing  a n e c e s s a r i l y  weak model based on neuro- 
p h y s i o l o g i c a l  d a t a ,  t h e  model w i l l  be developed by d e f i n i n g  
two major p o s t u r e  contro1,modes. A f t e r  a thorough exper imenta l  
d e s c r i p t i o n  of t h e s e  t w o  c o n t r o l  modes, t h e  r e s u l t i n g  model 
w i l l  be  re-examined i n  t h e  l i g h t  of c u r r e n t  p h y s i o l o g i c a l  
evidence.  

The r e f l e x  response  i s  de f ined  as a cont inuous l i n e a r  
c o n t r o l  of l i m b  p o s i t i o n  and force o u t p u t ,  responding t o  muscle 
l eng th  and t e n s i o n  only.  The response w i l l  have terms propor- 
t i o n a l  t o  displacement  and t o  t h e  rate of displacement .  The 
ga ins  of  t h e  l e n g t h  and v e l o c i t y  t e r m s  are independent ly  
v a r i a b l e  over  a l i m i t e d  range.  

The o r i e n t i n g  response i s  de f ined  as t h e  c o n t r o l  of 
p o s t u r e  w i t h  r e s p e c t  t o  t h e  e x t e r n a l  environment. The o r i e n t i n g  
c o n t r o l  responds t o  p r o p r i o c e p t o r ,  v i s u a l ,  and motion cues.  
The response  r e f l e c t s  bo th  subconscious l ea rned  p a t t e r n s  and 
t h e  conscious d e s i r e s  of  t h e  man. 3ecause t h e  o r i e n t i n g  response 
i n c o r p o r a t e s  complex p rocess ing  p a t t e r n s  and memory, i t s  ou tpu t  
can be expected t o  be of form s i g n i f i c a n t l y  d i f f e r e n t  t han  
t h a t  from t h e  r e f l e x  response.  

S ince  t h e  p a s s i v e  dynamic characterist ics of t h e  body 
and i t s  r e f l e x  responses  have s t a t e  v a r i a b l e s  i n  common, t h e  
t o t a l  dynamic c h a r a c t e r i s t i c s  of t h e  body w i l l  be viewed a s  
t h e  combination of these p r o p e r t i e s .  The c o n t r o l  of t h e  r e f l e x  
response "ga ins"  i s  t h e r e f o r e  a pa rame t r i c  c o n t r o l  of t h e  
body's  dynamic c h a r a c t e r i s t i c s .  The o t h e r  i n p u t s  are t h e  

~ e x t e r n a l  d i s t u r b a n c e s  and t h e  o r i e n t i n g  responses .  From t h i s  
viewpoint  p o s t u r e  c o n t r o l  i s  effected i n  t w o  ways: 

1. w i t h  o r i e n t i n g  responses ,  r e a c t i n g  t o  body 
motions w i t h  r e s p e c t  t o  i t s  e x t e r n a l  environment. 

2 .  w i th  t h e  pa rame t r i c  c o n t r o l  of  t h e  body's  
dynamic c h a r a c t e r i s t i c s ,  bo th  t o  o r i e n t i n g  
response commands and t o  e x t e r n a l  d i s t u r b a n c e s .  

A major emphasis of  t h e  model w i l l  be  a d e s c r i p t i o n  
of t h e  r e l a t i v e  roles of  t h e  two p o s t u r e  c o n t r o l  modes. The 
t o t a l  range of t h e  r e f l e x  response c o n t r o l  of t h e  body ' s  dynamic 
c h a r a c t e r i s t i c s  w i l l  be  determined exper imenta l ly .  The cri- 
teria by which c o n t r o l  is de lega ted  between t h e  t w o  modes f o r  
a v a r i e t y  of e x t e r n a l  cond i t ions  w i l l  be  desc r ibed .  

P a s t  r e s e a r c h  i n  human p o s t u r e  c o n t r o l  has  concen t r a t ed  
i n  t w o  d i s t i n c t  areas. Engineer ing s t u d i e s  have desc r ibed  t h e  
c a p a b i l i t i e s  of human s u b j e c t s  i n  a v a r i e t y  of manual c o n t r o l  
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tasks and have developed input-output  models f o r  t h e  major 
sense  organs.  These s t u d i e s ,  however, have n o t  a t tempted t o  
ascribe i n  any de t a i l  s p e c i f i c  p h y s i o l o g i c a l  mechanisms t o  t h e  
i n t e g r a t i v e  func t ions  of pos tu re  c o n t r o l .  

Cons iderable  e f fo r t  has  been made i n  t h e  d e s c r i p t i o n  
of the basic phys io log ica l  p r o p e r t i e s  of t h e  many components 
i n  pos tu re  c o n t r o l .  D a t a  on component func t ion  and i n t e r a c t i o n  
s u f f i c i e n t  t o  c o n s t r u c t ' a  complete pos tu re  c o n t r o l  model i s  n o t  
y e t  a v a i l a b l e .  Experimenters have observed component f u n c t i o n  
only i n  s p e c i a l  r e s t r a i n e d  cond i t ions  where g e n e r a l  f u n c t i o n  
during pos tu re  c o n t r o l  cannot  be accu ra t e ly  determined. 

The d i f f e r e n t i a t i o n  of two de f ined  modes of pos tu re  
c o n t r o l ,  consequent ly  grounded i n  t h e  c u r r e n t  phys io log ica l  
evidence,  w i l l  a l low t h e  observa t ion  of two d i s t i n c t  i n f o r -  
mation channels dur ing  n a t u r a l  c o n t r o l  cond i t ions .  While 
s e p a r a t i o n  i n t o  two channels  i s  f a r  from a complete mode d i f -  
f e r e n t i a t i o n ,  t h i s  s e p a r a t i o n  of pos tu re  c o n t r o l  i n t o  an  
intracomponent mode ( r e f l e x  response) and a body-external  
environment mode ( o r i e n t i n g  response) w i l l  r e p r e s e n t  a s i g n i -  
f i c a n t  advance. 

The research w i l l  concen t r a t e  on ob ta in ing  an 
accu ra t e  d e s c r i p t i o n  of the  f l o w  of informat ion  i n  t h e  r e f l e x  
and o r i e n t i n g  response loops.  The work w i l l  be  conducted i n  
fou r  major phases:  

1. 

2. 

3 .  

a.  

The basic pos tu re  c o n t r o l  model w i l l  be proposed 
w i t h  t h e  d e f i n i t i o n  of t w o  basic c o n t r o l  loops.  
D e f i n i t i o n  of t h e  dynamic c h a r a c t e r i s t i c s  of 
t h e  body and of muscle w i l l  a l low the  ca l cu la -  
t i o n  of t he  muscle a c t i v a t i o n  h i s t o r y  f r o m  the  
measured torque and motion h i s t o r y  of t h e  body. 

Experiments w i l l  be conducted t o  describe t h e  
range of the  r e f l e x  mode c o n t r o l  c h a r a c t e r i s t i c s .  

The i n t e r a c t i o n  of t h e  r e f l e x  and o r i e n t i n g  modes 
of c o n t r o l  w i l l  be experimental ly  i n v e s t i g a t e d  
under varying d i s tu rbance  cond i t ions .  

The experimental  r e s u l t s  w i l l  be c o r r e l a t e d  w i t h  
a detailed i n v e s t i g a t i o n  of human neurophysiology 
r e l a t e d  t o  pos tu re  c o n t r o l .  Phys io log ica l  
i n t e r p r e t a t i o n s  of t h e  model w i l l  b e  made wherever 
they can be j u s t i f i e d .  

Since a gene ra l  a t t a c k  on t h e  pos tu re  c o n t r o l  problem 
i s  a broad and multidimensioned one, t h e  experiments  w i l l  con- 
centrate on t h e  s p e c i f i c  case of a man s t and ing  erect i n  a 
f ixed  p o s i t i o n  w i t h  h i s  feet toge the r .  The choice of a s imple 
pos tu re  c o n t r o l  t a s k  i s  necessary t o  main ta in  t h e  d e s c r i p t i o n  
of information pa ths  and t h e  d e f i n i t i o n  of the  component 
t r a n s f e r  func t ions  on a workable l e v e l .  
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The proposed p o s t u r e  experiments  w i l l  r e q u i r e  t h e  
des ign  and c o n s t r u c t i o n  of an ins t rumented  a c t i v e l y  c o n t r o l l e d  
platform.  Ins t rumen ta t ion  w i l l  b e  necessary  t o  g i v e  continuous 
measures of t h e  ank le  and h i p  ang le s .  A c t i v e  c o n t r o l  of t h e  
p l a t fo rm d e f l e c t i o n  ang le  w i l l  pe rmi t  t h e  i n i t i a t i o n  of s m a l l  
to rque  d i s t u r b a n c e s  t o  t h e  ank le  t o  measure ank le  s t i f f n e s s  
and w i l l  a lso permi t  a l t e r a t i o n  of t h e  appa ren t  r e f l e x  response 
"gain" about  t h e  ank le  j o j n t s .  
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